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 Charge storage in the contemporary lithium-ion battery is at an energy density 
too low to support the function of long-range electric vehicles and other 
electronically powered technologies. To obtain up to two times or greater higher 
energy density than what is available by intercalation of lithium ions into graphite, 
the prevalent anode material in commercial batteries, materials with a higher storage 
density of lithium may be used, including materials that alloy with lithium or 
undergo a reversible conversion reaction to form lithium oxide. 
 In this work, several such materials are considered – Ge, SnO2, Co3O4, and 
Ge0.1Se0.9 – and focus is directed to first demonstrating significantly enhanced 
cycling stability and capacity retention at variable charge/discharge rates and, 
second, to explaining the electrochemical performance in terms of key physical and 
chemical properties. Particular attention is given to assessing the formation of the 
solid electrolyte interphase (SEI) formed upon the anode material during 
charge/discharge cycling by means of microscopy and chemical characterization. 
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Chapter 1: Introduction 
MOTIVATION FOR ENERGY STORAGE R&D 
The preeminent rechargeable electrical energy storage technology is the lithium-ion 
battery. Employing the lightest solid, room temperature element with a low red/ox potential (-3.06 
V vs SHE) as the ionic charge carrier, the lithium-ion battery employing a graphite based anode 
and metal oxide cathode can achieve bare cell energy densities in excess of 200 Wh/L and near 
600 Wh/L at up to a charge rate of one full charge per c.100 minutes and discharge rate of up to 
one full discharge in 30 minutes (Panasonic NCR18650).1 Note that in practice, the useable 
volumetric and gravimetric specific energy densities decrease owing to the need for additional 
components and to the nature of the quality of deliverable voltage in a battery system (Fig. 1.1).2 
 
Fig. 1.1   [from Ref. 2] The usable volumetric energy density and gravimetric specific energy for 
various batteries, assuming science challenges are overcome, such as reversing the lithium-oxygen 
discharge reaction and protecting pure metal anodes under repeated stripping/plating.  
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However, dramatic advances in energy density are required to support the range of 
electronically powered items servicing modern living, including one of the major contemporary 
technological challenges, the full or partial electrification of vehicles. To accomplish this 
endeavor, the United States’ Joint Center for Energy Storage Research (JCESR) proposes that 
batteries with 800 Wh/L and 800 Wh/kg at 0.2C rate are required.3 Other metrics including 
reducing materials and assembly costs, ensuring battery safety, long lifetime and enhancing power 
density performance are simultaneously critical. To achieve a battery that satisfies these diverse 
and generally incompatible requirements, something of a technological miracle is necessary. To 
achieve this, new or significantly enhanced materials are required for nearly all components of the 
battery, but especially for the anode and cathode charge storage materials. 
INTRODUCTION TO LITHIUM-ION BATTERIES 
The lithium ion battery is a system that can be considered as a repeating two electrode unit, 
each capable of storing lithium (as an ion or as an alloyed atom) and electrons. What defines the 
cathode is that its charge storage material has a high half cell potential (the electrochemist’s 
equivalent measure of Gibbs free energy change) defined relative to the red/ox potential of Li/Li+. 
Significantly, this high potential must persist throughout the majority of all phases of 
charge/discharge, i.e., when the cathode material is Li-poor to when the cathode material is Li-
rich. Similarly, the anode is defined by its charge storage material possessing a half cell potential 
vs Li/Li+ throughout the majority of all phases of charge/discharge, i.e., when the anode material 
is Li-rich to when the anode material is Li-poor.  
Ion transport between the electrodes is through a dielectric medium (so as to prevent short 
circuiting) that is ionically conductive through a wide range of temperatures and thermally stable 
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(so as to diminish to near-zero the possibility of thermal events during battery operation). 
Additionally, for the popular category of liquid electrolytes, it is also required that the dielectric 
(salt + solvent) be compatible with a solid membrane that ensures physical separation of the 
electrodes and, importantly, reduces to form a stable solid electrolyte interphase on the anode 
during the initial charging of the battery. There currently exist no liquid electrolyte formulations 
that are thermodynamically stable throughout the entire range of voltages bounded by the operation 
of typical anode and cathode materials and so their instability must be controlled through self-
limiting kinetics.4 This kinetics, i.e. the electrolyte-electrode reaction rates, can be limited at the 
anode by a thin, mechanically and chemically stable layer of an ionically conductive but 
electronically insulating layer, allowing the anode to operate outside of the window of its 
thermodynamic stability. This layer is referred to as the solid-electrolyte interphase or SEI.  A 
SEM image of some SEI formed upon a micron-sized germanium particle is shown in Fig. 1.2.  
 
Fig. 1.2   SEM (unpublished work of the author) of Ge microparticle on TEM grid before and after 
some Li-insertion. The porous material coating the microparticle after Li-insertion is SEI. 
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Electron transport from the charge storage materials in the electrodes is generally assisted 
by the incorporation of a network of graphitic nanoparticles (~50 nm diameter) within the electrode 
infrastructure. Once the electrons reach the substrate supporting the electrode film – this substrate 
is conventionally a metal foil selected for current conduction, absence of reaction with Li, 
mechanical properties of durability and flexibility, and resistance to corrosion – they can be easily 
transported out of the battery terminals and may do work during battery discharge. 
To supply a greater density of charge per unit volume or mass of a battery system, R&D 
efforts can be directed toward the charge storage materials – improving existing materials such as 
by enhancing electrical conductivity or modifying their particle shape so as to allow for more 
efficient packing within a defined volume in the electrode film – the polymers holding the charge 
storage materials, the conductive additive that transports electrical charge within the film, creating 
alternative electrode architectures by means of redesigned current collectors, improving the ionic 
conductivity or SEI formed from the electrolyte, etc.5   
The focus of this dissertation is upon improving the charge storage material for the anode: 
increasing the density of Li that can be stored per unit mass or volume of charge storage material, 
improving the useful lifetime of the charge storage material (sometimes by pairing the material 
with an advanced electrolyte formulation) and increasing the rate at which charge can be stored or 
removed from the material. For context, as shown in Fig. 1.3, it is important to recognize that given 
existing cathode materials which only provide up to c. 150-200 mA h g-1, there is limited return 
on increasing the capacity of an anode material beyond c. 1000 mA h g-1.6 However, this value is 
about three times the existing capacity of the commercially popular graphite charge storage 
material and so represents what would be a significant improvement in the state of Li-ion battery 





Fig. 1.3   [from Ref. 6] Total capacity of 18650 Li-ion cell as a function of anode capacity (CA), 
including masses of other required internal components and case. The capacities of cathodes 
considered were 140 and 200 mAh g−1. 
 
DISSERTATION OVERVIEW 
This dissertation contains six chapters. Chapter 1 provides an introduction to the subject 
matter, summarizing the chemistry and physics governing the operation of the lithium-ion battery. 
Design rules for advancing the state of technology from the standpoint of the anode are outlined 
to provide perspective on the subsequent chapters that detail specific studies of novel anode 
materials. Chapters 2 – 5 contain studies of a diverse array of alternative anode materials: Ge, Sn, 
Co3O4 and Ge0.9Se0.1. The advantages of each anode material are presented, generally in the context 
of a concurrent evaluation of more than one electrolyte formulation.  
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In Chapter 2, the performance of a commercial germanium particle anode material is 
evaluated with conventional carbonate electrolyte LiPF6 in an ethylene carbonate (EC) solvent or 
in a fluoroethylene carbonate (FEC) solvent substitute. The selection of FEC resulted in 
dramatically improved cycling performance that was attributed to the formation of a more stable 
solid electrolyte interphase (SEI). Supporting the electrochemical measurements are transmission 
electron microscope (TEM) images obtained on ultramicrotomed sections of cross-sections of 
electrodes. 
Chapter 3 considers a commercial, high tap density SnO2 particle that is contained within 
a free-standing, flexible film formed spontaneously by the delamination of a drying slurry formed 
of carboxymethyl cellulose polymer and Super P Li conductive additive in water.  
In Chapter 4, a mesoporous cobalt oxide, Co3O4, is studied with interest given to whether 
its array of long, interior 1D channels are retained after extensive charge/discharge testing. With 
ex-situ TEM characterization complementing cycling testing, these channels were found to be 
preserved from damage after extensive cycling testing in Li-ion and Na-ion cells. 
In Chapter 5, a high tap density Ge0.9Se0.1 material discovered in this lab by Paul Abel was 
studied in comparison to pure Ge formed by an analogous synthesis procedure. With  high angle 
annular dark field (HAADF) scanning transmission electron microscopy (STEM) characterization, 
the inclusion of ~10 atomic percent Se in the Ge was found to prevent particle fracture during 
cycling tests as the Ge distributed into nanocrystalline domains regularly separated within a Se-
Li-Ge containing matrix. This particle has been recently sent to Argonne National Labs for testing 
in a prototype battery. 
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A summary of this work and conclusions drawn from it are presented in Chapter 6. 
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Chapter 2: A high-rate germanium-particle slurry cast Li-ion anode 
with high Coulombic efficiency and long cycle life1  
 
INTRODUCTION 
High-power and energy-dense lithium-ion batteries are desired for portable electronics and 
wide-spread adoption to power electric vehicles.1 Transitioning from the commercially-used 
graphite carbon anode (372 mAh g-1) to metallic silicon, germanium, or various metal oxides could 
theoretically increase the anode capacity by up to an order of magnitude. However, these electrode 
materials commonly show capacity fade and inadequate Coulombic efficiencies, particularly at 
high current densities. 
Ge has attracted attention as an alternative anode material because of its large theoretical 
capacity (1384 mAh g-1 or 7366 mAh cm-3 corresponding to Li15Ge4),
2-3 high electrical 
conductivity (104 times higher than in silicon)4-5 and exceptional Li+ ion diffusivity (400 times 
greater than in silicon at room temperature).5-6 Although Ge is about as abundant as tin, there are 
no concentrated germanium ores and there is very little demand for germanium; for these reasons 
its price is presently excessive for use in vehicular applications, but applications might be found 
for mobile electronics requiring long-lasting, energy-dense and high-power batteries. 
As in the case of silicon, the repeated volume change in germanium (230%)5 transitioning 
to its fully lithiated phase results in large strain gradients that may lead to the cracking and 
pulverization of particles and the exfoliation of the anode film from the current collector.7-8 
                                                     
1 The content in this chapter has been copied (with minor edits) from its original publication in the Journal of Power 
Sources in 2012. 
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Freshly-exposed fractured surfaces are coated by reduced electrolyte solvents that decompose to 
form an electrically insulating solid electrolyte interphase (SEI) through irreversible reactions with 
Li, resulting in both diminished Coulombic efficiency and capacity fade due to slowed Li-ion 
transport through the surface film and the electrical isolation of fractured material. 9-11 At high 
current densities, the effects of mechanical strain are more pronounced, leading to poor cycle life 
as a consequence of particle fracture 5 and a dynamic, continually degrading and reforming SEI 
resulting from the instability of the Ge-organic electrolyte interface induced by the particle volume 
changes.12-13  
Nanostructured germanium morphologies for thin films,14-15 nanoparticles, 16-17 nanowires, 
18-19 nanotubes,17 nanocomposites20-21 and nanocomposite-carbon matrices22-23 have been 
investigated in part because small grained materials are known to superplastically deform to 
accommodate greater than 200% elongation.24-26 An in situ TEM study by Liu et al. showed the 
mechanical robustness of germanium nanowires (40-125 nm diameter) reversibly cycled between 
bulk germanium and Li15Ge4 in under one minute.
3 The nanoscale morphologies better 
accommodate high strain27-28 provide shorter Li diffusion distances29-30 and, as has been 
demonstrated recently for some Si-based anode designs,31-36 may lead to a more stable SEI/active-
material interface.  
Advances in the design of germanium anode materials through attention to decreasing Li-
ion diffusion distances and improving the structural stability of the particle and SEI have led to 
exceptional high-rate performance in thin film electrodes14-15,27,37,38 and more recently to 
potentially manufacturable slurry cast films. 7,17-19,39 For example, Cho and co-workers reported 
high rate capacity, slurry cast germanium anodes with stable performance at high rates for up to 
many hundreds of cycles by using novel nanotube,7 honeycomb17 and nanostructured clustered 
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germanium/carbon morphologies.39 In these electrodes, the Ge particles used were specifically 
designed for fast Li diffusion and, moreover, partially or fully shielded from contact with the 
electrolyte or designed to allow for volumetric expansion away from the SEI into empty space. 
For the nanostructured clustered germanium/carbon morphologies, after capacity fade from an 
initial capacity close to 1200 mAh g-1, a stable specific capacity of 360 mAh g-1 was reached after 
100 cycles at 40C (64 A g-1)39 and minimal capacity fade was observed for 400 cycles at 0.3/0.6C 
(0.5/1.0 A g-1) lithiation/delithiation rates.7  
Recently, Chockla et al. reported an alternative means to improving the SEI/particle 
interface stability by using fluorinated ethylene carbonate (FEC) based electrolytes for the slurry 
cast germanium nanowire-based to achieve stable cycling performance.40  Here we expand upon 
this work and similar research into the use of FEC for Si-based electrodes,41-44 studying the 
evolution of the Ge/EC-based and Ge/FEC-based electrode systems through many cycles with 
electrochemical testing and detailed study of the electrode architecture by SEM and TEM to 
demonstrate the effectiveness of the FEC-based electrolyte. 
Without the mechanical advantages and short Li-diffusion distances of nanowires as an 
active material like those used by Chockla et al., and without the improved SEI stability that might 
otherwise be obtained by using Ge nanostructures intentionally designed to address the repetitive 
volumetric expansions and contractions that continuously degrade the Ge nanoparticle/SEI 
interface,35 we report much improved electrode performance, with higher capacity, Coulombic 
efficiency and specific power output over longer cycle lifetimes for a slurry cast Ge-based 
electrode. Made with poly-disperse, untailored, commercially-scalable Ge nanopowder and using 
a FEC-based rather than EC-based electrolyte, the electrode described herein achieves stable 
performance throughout a 2,500 cycle variable, high C-rate test (through nine, successive 200-
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cycle iterations at 1C, 5C and 10C followed by 700 cycles at 1C, C=1.624 Ah g-1) and a capacity 
near 700 mAh g-1 at 10C rate with an average Coulombic efficiency near 100% through 500 cycles. 
Capacities over 1000 mAh g-1 were observed when discharging the electrode at up to 20C while 
charging at 1C and a capacity of 425 mAh g-1 was achieved for a discharge rate of 50C. These 
results complement the recent progress in slurry cast Ge-based electrode research which has 
focused on improving cycling performance through structural and chemical modifications to the 
active material. The notable cycling stability of the electrode in FEC-electrolyte, sustained through 
both extended cycling and high C-rate testing, indicates that the improved performance may be 
found in the role of FEC forming a SEI that better protects the Ge nanoparticle active material 
from contact with the electrolyte, a consequence of the different surface films likely rich in lithium 
fluoride, alkoxy and polycarbonate species which have been found to be the result of FEC 
reduction43,45. This results in higher CE as a consequence of a more stable SEI/particle interface, 
and, from considering the evolution of the electrode differential capacity profiles, an enhanced 
stability toward oxidation that significantly delays capacity fade and corresponding oxidation of 
the Ge nanoparticle active material, a finding analogous to the result recently reported by Etacheri 
et al. in their study on FEC and Si NW45. Herein we report how the FEC-based electrolyte with a 
Ge-based electrode is an effective means to improving the SEI so as to minimize irreversible losses 
and better protect the Ge nanoparticle from oxidation, thereby improving the battery performance 
parameters of interest: long cycle life, specific capacity, capacity retention, Coulombic efficiency 
and high C-rate capability.  
EXPERIMENTAL METHODS 
Ge nanoparticle electrode preparation and battery assembly. Ge nanoparticles (99.9%, 
American Elements) were used as the active material in the electrode. The reported average 
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particle size was 70-120 nm. However, the actual particle size distribution ranged up to several 
microns (a typical TEM of Ge particles after dispersing via sonication is shown in Supplementary 
Information Figure SI.2.1). Slurries of 40:20:40 w/w/w Ge nanoparticles:poly-acrylic acid binder 
(PAA-450 kDA, Sigma):Super-P Li conductive additive (Timcal) with ethanol as solvent were 
cast on a copper foil current collector to prepare the electrode for battery testing. This film, 
composed of a high weight fraction of conductive additive, was selected to diminish the effect on 
cycling performance of losing a sustained electrical percolating network as a consequence of 
particle shifting due to the volumetric expansion and contraction of the Ge nanoparticles during 
cycling after preliminary screening for slurry compositions with a film composed of 80:10:10 
w/w/w (Ge nanoparticles:PAA-450 kDA:Super-P Li conductive additive) showed capacity fade 
after only 100 cycles at a rate of 1C: 0.49 mAh g-1 (or 0.05%) capacity fade per cycle with an areal 
capacity of 0.26 mAh cm-2 (Supplementary Information Figure SI.2.2). The contribution of this 
high content of conductive additive to the specific capacity of the 40:20:40 w/w/w electrode was 
estimated to be near ten percent (Supplementary Information Figure SI.2.3).  For the electrode 
binder, PAA, demonstrated to have enabled better cycling stability for Si-based electrodes,46 was 
selected rather than the typically polyvinylidene fluoride (PVDF) after a preliminary binder 
screening cycling test (Supplementary Information Figure SI.2.4). In a typical procedure, the slurry 
is mixed and probe-sonicated (1/4” tip, QSonica) prior to being doctor-bladed onto Cu foil. The 
film is dried overnight at 120°C and then 11 mm diameter circular electrodes are hole-punched. 
The typical electrode mass loading used here of 300-500 μg cm-2 delivers an areal capacity of 0.15-
0.06 mAh cm-2 (for 1C – 10C rates), an order of magnitude lower than current commercial anodes 
such as the 18650 cell (4 mAh cm-2).47 From TEM cross-sectional imaging (Supplementary 
Information Figure SI.2.5) the electrode density is estimated to be near 0.9 mg/cm3 (0.35 mg of 
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Ge nanoparticle/cm3).  The electrodes are assembled in an Ar-filled glovebox (<0.1 ppm O2) with 
a Li foil (Alfa) counter/reference electrode and Celgard 2400 membrane separator (25 μm in 
thickness) in 2032 stainless steel coin cells. The effect of the Li-plating/dissolution kinetics in the 
electrolytes studied herein, particularly at high current densities, was evaluated (Supplementary 
Information Figure SI.2.6) by testing coin cells made of two electrodes of Li foil assembled in a 
similar manner as for the Ge nanoparticle based electrodes. The electrolyte was composed of either 
1M LiPF6 (≥ 99.99%, Aldrich) in ethylene carbonate/di-methyl carbonate (EC/DMC, 1:1) (LP30, 
EMD Chemicals), selected as representative of the conventionally used EC-based electrolytes for 
the typical Ge-based electrode, or 1M LiPF6 in FEC (> 99%, Solvay Fluor)/diethyl-carbonate 
(DEC, ≥ 99%, Aldrich) (1:1, v/v), the electrolyte shown by Chockla, et al. to have enabled the best 
cycling performance.40 The Solvay product was used because FEC procured from MTI and TCI 
America was observed to decompose into a black-colored liquid. To assess the performance of 
electrodes made using more active material and with higher mass loadings (greater than 1300 
μg/cm2), additional cycling tests (Supplementary Information Figure SI.2.7) were done with a 
slurry of 60:20:20 w/w/w Ge nanoparticle:PAA: Super-P Li conductive additive.   
Electrode characterization. Scanning electron microscopy (SEM) images were acquired 
using a Hitachi S5500 SEM with an accelerating voltage of 10 kV and current of 20 μA. The 
electrodes were prepared for SEM after soaking in DMC overnight and were exposed to air for 
less than 60 seconds during transfer from a vacuum transfer box into the SEM high vacuum 
chamber. Transmission electron microscopy (TEM) images were acquired using either a FEI 
Tecnai Spirit BioTwin TEM operated at 80kV or a field emission JEOL 2010F TEM operated at 
200 kV. TEM samples were prepared by ultramicrotome sectioning of epoxy-embedded electrodes 
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to 50-70 nm thicknesses using a diamond knife (35° Ultra, DiATOME). A detailed description of 
the sectioning procedure is provided in the Supporting Information.  
An electrochemical analyzer (CHI 604D, CHInstruments) was used for electrochemical impedance 
spectroscopy (EIS), measured over a wide frequency range from 100 kHz to 0.001 Hz with an AC 
perturbation voltage of 5 mV. Cells were poised at the selected potential for longer than 5 minutes 
before taking the spectra. 
The electrode performance was measured using a multichannel battery test system (BT 
2043, Arbin) to run cycling tests with constant current between 0.01 and 1 V vs Li/Li+. For all tests 
done, a conditioning cycle at C/20 was run in order to form a consistent SEI prior to commencing 
the testing schedules at high C-rates. Capacity values are reported as the Li-extraction capacity 
and are based upon active material only. Although Li15Ge4 is the ultimate phase 
thermodynamically achievable for electrochemistry done at room temperature, for the convenience 
of the reader who might compare these results with those in previous literature, the cycling rates 
are reported based on the Li22Ge5 theoretical capacity, i.e., 1C=1624 mAh g
-1. The specific 
capacity values reported in the text are gravimetric, specific to the mass loading of the Ge 
nanoparticles in the electrode. For the cycling data presented in graphical form, the specific 
gravimetric capacity, specific to the mass loading of the Ge nanoparticles and also, as denoted in 
bracketed values on the primary ordinate axis, specific to the mass loading of the electrode film 
(made of Ge nanoparticles, binder and conductive additive), is provided.  The CE values are 
reported with an uncertainty of up to 0.2%, reflecting the level of accuracy in current measurement 
on the Arbin battery testers. Four separate Arbin battery tester units were used to test cells in an 
effort to increase confidence in the repeatability of the reported data and also in order to minimize 
the extent to which instrument error impacted the reported data; the CE values reported for the 
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selected tests are representative of several results from each Arbin tester used. The terms charge 
and discharge are used as they would be for a full Li-ion cell, with discharge referring to Li-
extraction from the Ge electrode.  
RESULTS AND DISCUSSION 
Ge Nanoparticle Li-Ion Cell Performance 
Li-ion cells with Ge nanoparticle anodes were tested using poly-acrylic acid (PAA) binder, 
conductive carbon (2:1:2 w/w/w Ge:PAA:C) and 1.0M LiPF6 electrolyte in two mixtures of 
carbonates. Figure 2.1 shows the reversible capacity of electrodes cycled 600 times between 0.01 
and 1 V vs Li/Li+ at a rate of 1C (200 cycles), 5C (200 cycles) and 10C (200 cycles). As reported, 
19,42,48 the use of fluorinated carbonates as co-solvents or as additives was found to improve 
electrode performance, resulting in stable performance, higher Coulombic efficiencies and higher 
capacities.  
 
Figure 2.1: Cycling performance of Ge nanoparticle electrodes tested at 1C, 5C and 10C in 
EC/DMC and FEC/DEC electrolytes 
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During the first cycle, the electrode tested in FEC:DEC showed marginally improved CE 
compared to when tested in EC:DMC, 50.5% vs. 45.1%, likely reflecting a thinner SEI as has been 
reported by others for Si-based systems tested with FEC. 44-45 After 200 cycles at 1C, the anode 
cycled in FEC/DEC yielded a capacity of 1152 mAh g-1, corresponding to a negligible gain of 
0.18% relative to the 10th cycle. (The 10th cycle was selected as the basis for comparison because 
the cycling behavior for the electrode showed capacity increase during the first several cycles 
before reaching a relatively stable value: selecting an earlier cycle than the 10th would artificially 
inflate the capacity retention values reported.) During this period, the Coulombic efficiency 
increased from 99.1% to 99.7%. From the 10th to 200th cycle, the anode tested in EC/DMC showed 
significant capacity fade, decreasing from 1083 to 552 mAh g-1, and its Coulombic efficiency fell 
from 97.7% to 96.0%. Through the first 200 cycles of testing, the electrode cycled in EC/DMC is 
calculated to have accumulated greater than 2 μg of Li per μg of Ge nanoparticle as a result of 
irreversible losses. By comparison, through the same number of cycles, the electrode cycled in 
FEC/DEC accumulated only 0.74 μg of Li per μg of Ge nanoparticle, with 41% of this irreversible 
consumption of Li occurring during the first cycle (as compared with only 17.5% for the electrode 
cycled in EC/DMC). Even after 2,500 cycles of testing at variable C-rates, the electrode cycled in 
FEC/DEC only accumulated marginally higher irreversible losses than the electrode cycled in 
EC/DMC for 200 cycles: 2.4 vs 2.0 μg of Li per μg of Ge nanoparticle. 
At higher rates, the differences in performance were more pronounced. From the 210th to 
400th cycles run at 5C, the anode cycled in FEC/DEC retained over 60% of the 1C capacity and 
cycled stably, showing a slight increase in capacity from 667 to 706 mAh g-1. During this period, 
the anode cycled in EC/DMC showed continued capacity fade from 410 to 121 mAh g-1. From the 
410th to 600th cycles run at 10C, the anode cycled in FEC/DEC retained about 35% of the 1C 
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capacity and cycled stably, showing a slight increase in capacity from 389 to 423 mAh g-1. When 
at 10C, the anode cycled in EC/DMC showed very low capacities, ranging from 72 to 62 mAh g-
1. 
 
Figure 2.2: Cycling performance of Ge nanoparticle electrode cycled in the FEC/DEC electrolyte 
(a) at 10C, (b) at 10C or 20C discharge rate with 1C charge rate and (c) at intervals of 1C, 5C 
and 10C through 2,500 cycles. 
 
Long-cycle life was also observed for the electrode cycled 500 times in the FEC/DEC 
electrolyte at 10C. Interestingly, a separate cycling test (Figure 2.2.a) showed that the anode cycled 
in FEC/DEC demonstrates capacities of near 700 mAh g-1 and high Coulombic efficiencies 
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between 99.8-100.2% when tested for 500 cycles at 10C without prior extended testing. These 
results were also found for a variable rate test at 1C, 5C and 10C when the anode cycled only 100 
times at each rate (Supporting Information Figure SI.2.8). From the 10th to the 100th cycle tested 
at 1C, there was an increase in capacity from 1144 to 1186 mAh g-1 with a corresponding increase 
in Coulombic efficiency from 99.2% to 99.3%. During the 110th to 200th cycles run at 5 C, the 
anode retained 75% of the 1C capacity and cycled stably, showing an increase in capacity from 
870 to 929 mAh g-1 and Coulombic efficiencies between 99.7-99.9%. When tested at 10C in 
FEC/DEC, the electrode retained over 53% of the 1C capacity and cycled stably, showing an 
increase in capacity from 631 to 657 mAh g-1 and lower Coulombic efficiencies between 99.0-
99.4%. Electrodes tested at these and other high rates in the EC/DMC electrolyte were observed 
to perform poorly, showing either negligible capacities or severe capacity fade. 
These cycling results done with commercial Ge nanoparticles in an electrode matched with 
an FEC-based electrolyte build upon the recent body of work done in improving the state of Ge-
based slurry-cast anodes, notably by Park et al., who reported only minimal capacity fade for a Ge 
nanotube based anode from an initial value near 1000 mAh g-1 through 400 cycles at 500 mA g-1 / 
1000 mA g-1 (~0.3/0.6C) charge/discharge high rate, although capacity fade from near 750 mAh 
g-1 was observed over the 5 cycles shown at 1000 mA g-1 (~0.6C).7 Chockla et al. recently 
reported19 capacities of >1000 mAh g-1 after 300 cycles for a Ge nanowire based anode using a 
current density of 138 mA g-1 (~C/12). When tested at 1.38 A g-1 (~0.85C) the capacity dropped 
but was stable near 700 mAh g-1 for over 1000 cycles. Seng et al. reported impressive high rate 
capabilities up to 40C but still capacity fade was evident at all rates, with the capacity retention at 
1C testing being 74% after 120 cycles.39 Xue et al. reported observing 50 cycles at high capacities 
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but with capacity fade and low Coulombic efficiencies (91%) for a nanocomposite anode cycled 
at 1600 mAh g-1 (1C).21  
High C-rate performance 
For certain applications requiring high current densities such as in the acceleration of an 
electric vehicle, the capability to rapidly discharge the anode is desired. The Ge nanoparticle based 
electrodes in FEC/DEC were subjected to long-term cycling tests with two discharge rates in which 
the charge rate was held constant at 1C. This test was done because the Li transport through the 
SEI and Li-insertion process is known to be the limiting step in the cycling of the cell, where Li 
plates on the surface of the particles when charged above a critical current density, as is similarly 
the case for the graphite-based anode.49 When the highly charged Ge nanoparticles were 
discharged, unlike for the graphite anode which undergoes small volumetric contraction during 
de-intercalation of its stored Li, the Ge nanoparticles volumetric contraction during these high C-
rate tests is estimated to be near the theoretical value given the high capacities observed (near 1000 
mAh g-1). Despite the strain endured during the short time allowed for the morphological transition 
during these tests, the Ge nanoparticles perform with high capacity and high CE through many 
cycles, suggesting that the FEC-derived SEI enables a stable SEI/particle interface. As was shown 
by Chockla et al.40 for Ge nanowire-based slurry cast films, we observed good capacity retention 
for a discharge rate of 10C or 20C (Figure 2.2.b) through 500 cycles, and also with very high 
capacity retention for the electrodes discharged at different rates. The maximum capacity attained 
for the 10C discharge rate anode was 1049 mAh g-1 (cycle 170) and the 20C discharge rate anode 
was 1069 mAh g -1 (cycle 191) after which gradual capacity fade was observed. The capacity 
retention at the 500th cycle for the 10C discharge rate anode was 86.8% of the maximum value and 
the 20C discharge rate anode was 87.7%. For both cells, the fast rate of Li-extraction led to high 
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Coulombic efficiencies, averaging 99.8% (10C) and 99.6% (20C) from the 5th to 500th cycles. 
When the cell was discharged at 50C rate (discharge completed in 19 seconds), we observed a 
capacity near 425 mAh g-1 for close to ten cycles (Supplementary Information Figure SI.2.9). After 
this initially stable cycling performance, this rapid discharge testing (at 50C) resulted in unusual 
behavior in which the Li-extraction capacity gradually increased and exceeded the Li-insertion 
capacity for each cycle through the 250th cycle. It is conceivable that overheating damaged the 
separator membrane50 or that the high overpotential required for Li plating during discharge was 
the cause of this result. Further testing done using Li foil treated with tetraethyl orthosilicate51, a 
process intended to minimize the growth of dendrites and to diminish impedance of Li+ ion 
transport at the Li foil, showed improved cycling stability at this high discharge rate 
(Supplementary Information Figure SI.2.10). 
Long-term cycling performance and stability 
Long term stability was examined for the Ge-nanoparticle-based electrode cycled in 
FEC/DEC using an 2,500 cycle test with sequential 200 cycle intervals at rates of 1C, 5C and 10C 
(Figure 2.2.c). A table detailing the performance and capacity retention of this electrode may be 
found in the Supplementary Information Table SI.2.1. Because the useful lifetime of a battery is 
measured by the cycles for which its capacity retention is greater than 80%,52 the capacity retention 
after the second, third and fourth sets of 1C testing is considered here and found to be 97.8%, 
94.8% and 87.0%  (through 800, 1400 and 2,500 cycles, respectively) as compared to the capacity 
achieved during the initial 1C testing after the electrode attained a relatively steady capacity by 
cycle 10. For this extended cycling, the Coulombic efficiency was marginally improved from 
nearly 99.7% to fractionally above 99.8% for cycles 800, 1,400 and 2,500. We observed that during 
the third set of 1C cycling (from cycles 1200-1400), the electrode performance improved after 
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showing a typical rate of capacity fade (about 0.4 mAh g-1 per cycle), stabilizing between cycles 
1330 and 1400. Through these cycles there was less than 2 mAh g-1 total capacity fade 
(corresponding to a 0.1% change, shown in red-lined box, a, in Figure 2.2.c and in Supplementary 
Information Figure SI.2.11a). This stable cycling performance continued through over the next 
100 cycles tested at 5C (shown in the orange-lined box, b, and in Supporting Information Figure 
SI.2.11b) before gradual capacity fade at a rate of about 0.25 mAh g-1 per cycle resumed. When 
testing at 10C (shown in the green-lined boxes, c), we observed that the cycling performance 
showed marked capacity increase throughout each 200 cycle series. It may be that this better-than-
stable-cycling behavior is due to minimal fracturing of the SEI/Ge nanoparticle interface which 
undergoes limited volumetric expansion when the Ge nanoparticles are being only partially 
lithiated at this high C-rate. During the last 50 cycles tested at 1C, the response to the dramatic 
change in rate from 10C to 1C was observed to stabilize after about 30 cycles (shown in the purple-
lined box, d, and in Supplementary Information Figure SI.2.11c) in a manner similar to what was 










Voltage Profiles, Differential Capacity Plots 
 
Figure 2.3: Voltage profile for Ge nanoparticle electrode cycled in EC/DMC for 601 cycles: 1 
conditioning cycle at C/20 followed by 200 cycles at 1C, 200 cycles at 5C and 200 cycles at 10C 
with (a) EC/DMC as the electrolyte and (b) FEC/DEC as the electrolyte. Solid/dotted lines 
represent data from the 10th/200th cycle in each series. 
Figure 2.3 shows the voltage profiles at variable high C-rates for Ge-nanoparticle 
electrodes cycled in the EC/DMC and FEC/DEC electrolytes. Information about the evolution of 
bulk LixGe phase transitions and the irreversible reactions, particularly the formation of the SEI, 





Figure 2.4: Differential capacity profiles for Ge nanoparticle electrodes cycled in EC/DMC (red 
line) and FEC/DEC (blue line) with the initial cycle at C/20 and the remaining 199 cycles at 1C. 
The contribution of the Li foil to the overpotential required to charge/discharge the 
electrode is estimated to be near half of the operating voltage measured for the stripping/plating of 
Li in coin cells made using the EC and FEC based electrolytes with Li foil as both the positive and 
negative electrodes (Supplementary Figure SI.2.6). When at high current densities (approximating 
the 10C rate tests done on the electrodes of relatively small mass loadings reported here), the 
overpotential required for plating/stripping of Li begins to become significant and is estimated to 
be near 75 mV. Notably, cycling the Li vs Li cells tested in FEC:DEC consistently required higher 
overpotentials than those tested in EC:DMC.  
25 
  
The first cycle differential capacity profile (Figure 2.4) shows that both electrodes possess the 
same sequence of Li-insertion and Li-extraction features. The initial reduction of the electrolyte to 
form SEI is shown in Supplementary Information Figure SI.2.12a. As has been reported previously 
for a Si-based anode,44 the reduction of FEC begins at a lower overpotential than that for EC. After 
this initial SEI formation feature occurs, another larger irreversible feature near 550 mV 
(highlighted in the green-lined box, marked a) which for the electrode cycled in EC/DMC is 
broader and larger than that for the electrode cycled in FEC/DEC. This corresponds to the lower 
first cycle Coulombic efficiency reported for the EC/DMC electrode, 45.1% vs 50.5% (at C/20) 
for the electrode cycled in FEC/DEC.  
For the first cycle, the Li insertion behavior is changed depending upon the electrolyte 
used, as depicted in Figure 2.4. The first Li insertion feature at 310 mV (highlighted in the blue-
lined box, b) for the electrode cycled in EC/DMC is smaller in magnitude, both in comparison to 
the feature of the electrode cycled in FEC/DEC and when compared to the second Li insertion 
feature at 175 mV. These two Li-insertion peaks likely correspond to the two-step mechanism 
through which Li first inserts as a nearest neighbor to Ge in the Ge crystal lattice prior to a second 
wave of Li insertion to sites where Li is primarily surrounded by other Li.53 As reported by 
Baggetto, et al.9 in their in-situ XRD study of deposited Ge thin films, no known LixGe crystalline 
phase forms (although several amorphous transitions were believed to have been observed) during 
the Li-insertion process before the ultimate thermodynamically-accessible phase, Li15Ge4 is 
attained between 130 and 30 mV, a finding with which the small Li-insertion feature observed in 
this study near 50 mV is consistent. Additionally, Baggetto etl al reported evidence for short range 
ordering of the LiGe and then Li7Ge2 phases
2 through making measurements of Ge-Ge and Ge-Li 
interatomic distances using in-situ X-ray adsorption spectroscopy during Li-insertion which may 
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correspond to the two defined Li-insertion peaks observed in this study near 120 and 75 mV. The 
two prominent Li-extraction features may be explained by the reversal of these phase transitions, 
proceeding back to de-lithiated Ge nanoparticles via the local coordination reflecting the Li15Ge4 
/ Li7Ge2 phase transition (near 360 mV) and Li7Ge2 / LiGe phase transition (near 530 mV). 
In the first cycle, the Li extraction behavior for the electrodes tested in the two different 
electrolytes is likewise similar in kind, but not in magnitude, with a larger fraction of the Li 
extraction occurring for the electrode cycled in EC/DMC at the feature near 350 mV (highlighted 
in the black-lined box, c). This extraction feature corresponds to the larger insertion feature seen 
in the EC/DMC electrode at 175 mV. At 450 mV, a sharp peak appears superimposed on the 
broader Li extraction feature with its peak at 350 mV. This sharp feature, also observed by Chockla 
et al.,19 has little magnitude and is observed for both electrode systems, possibly corresponding to 
a two-phase transition in which Li extracts from the small amount of crystalline Li15Ge4. Although 
the major Li-insertion features are observed with 135 mV spacing, the last significant oxidation 
feature is observed near 630 mV, close to 280 mV after the first extraction feature, and in 
subsequent cycles this feature does not appear. For the electrode cycled in FEC/DEC, a small 
shoulder feature is observed 750 mV, and, for the electrode cycled in EC/DMC another feature is 
observed to grow as the upper voltage limit (1.0 V vs Li/Li+) is approached (Supplementary 
Information Figure SI.2.12b). The location of these two minor features appearing at high potentials 
and exclusive to the first cycle suggests that they may represent partial the oxidation of the large 
amount of SEI formed in this cycle. 
The second cycle differential capacity profiles reflect the lithiation of a more amorphous 
material, showing broad Li-insertion features with peaks at 120 mV and 75 mV for the electrodes 
cycled in EC/DMC and FEC/DEC respectively. For both electrodes, although more noticeably for 
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the electrode cycled in FEC/DEC, a shallow, broad feature was observed between 500 and 250 
mV. The Li-extraction for the electrode cycled in EC/DMC began at 140 mV, far lower than the 
227 mV for the electrode cycled in FEC/DEC. This difference in the initial discharge potential was 
seen throughout the 200 cycles examined and reflects significant differences in the polarization of 
the two electrode/electrolyte systems after Li-insertion. The higher potential at which the 
differential capacity profile begins for the electrode tested in FEC/DEC may reflect a more rapid 
Li-diffusion rate of Li deposited or alloyed near the surface of the active material particles into the 
bulk of the material. By the 200th cycle this disparity in the polarity between the two electrodes 
following Li insertion was lessened to about 15 mV as a result of the initial discharge potential for 
the electrode tested in FEC/DEC decreasing throughout testing.  After the electrode cycled in 
EC/DMC began to exhibit significant capacity fade after about its 50th cycle, a similar divergence 
between the electrodes in their initial charging potential was observed. From the 50th to 200th 
cycles, the initial charging potential for the electrode tested in EC/DMC following Li extraction 
decreased from 857 mV to 770 mV while that of the electrode cycled in FEC/DEC only marginally 
decreased from 883 to 859 mV, indicating more facile Li extraction for this electrode system. The 
plot of the relaxation currents for the cycles discussed here is in Supplementary Information Figure 
SI.2.13.  
Throughout the first 20 cycles, during which there was a marginal increase in capacity for 
both electrodes, the Li-insertion features for the electrode cycled in FEC/DEC continuously 
evolved as its primary Li-insertion peak shifts to lower overpotentials, from 75 mV (cycle 2) to 
140 mV (cycle 20). The shift of this peak in the electrode cycled in EC/DMC was less pronounced, 
from 120 mV (cycle 2) to 160 mV (cycle 20). Although there were as many as three identifiable 
Li-insertion features observed for the FEC/DEC electrode (cycle 5), by cycle 20, these merged 
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into one broad, flat feature that remained constant throughout the remainder of the 200 cycle 
testing. This observation suggests that after the first several cycles, the successive phase transitions 
from the initially crystalline Ge proceeded through amorphous LixGe phases, not through alloys 
with long-range lattice order that would transition through distinct voltage windows. During these 
first 20 cycles, the Li-extraction features for both electrodes were relatively constant. At cycle 20, 
a smaller, broader feature was seen at 360 mV for the EC/DMC electrode before a sharper peak at 
515 mV. For the electrode cycled in FEC/DEC, a broad shoulder rather than distinguishable peak 
was observed, beginning at 285 mV before merging with the sharp peak (530 mV) similar to that 
seen in the profile for the EC/DMC electrode. 
After the 20th cycle, as capacity fade in the electrode cycled in EC/DMC became apparent, 
the Li-extraction behavior for this system changed. Highlighted by the red-lined boxes (labeled d-
g) in Figure 2.4, the ratio of the magnitude of the broad feature (360 mV) to the sharp peak (515 
mV) increased, with most of the Li extraction occurring at lower potentials. By cycle 100, there 
was no noticeable peak near 515 mV, although the Li insertion behavior for the electrode remained 
unaltered. After cycle 100, there was only a change in magnitude, not a change in kind, of the 
differential capacity profile for the electrode cycled in EC/DMC. The features present in the 100th 
cycle profile diminished in magnitude in proportion to one another. In contrast to the change in 
the Li-extraction behavior for the EC/DMC electrode, the differential capacity profiles reflect the 
enhanced cycling stability of the FEC/DEC electrode. By the 200th cycle, the sharp peak observed 
in cycle 20 had broadened but otherwise the features remained nearly identical in both magnitude 
and shape. The significance of this difference in the differential capacity profiles between the two 




Figure 2.5: Differential capacity profiles for Ge nanoparticle electrodes cycled in FEC/DEC after 
1C (blue lines), 5C (red lines), 10C (purple lines) after the first (solid line), second (dotted line) 
and third (dashed lined) cycle sets. The green line indicates the differential capacity profile for 
the 2,500th cycle, after 700 cycles at 1C following the third set of high rate testing. 
In Figure 2.5, differential capacity profiles are shown for the last cycle in each of the 200 
cycle series that made up the long-term cycling test for the FEC/DEC electrode. The three nearly 
identical 1C profiles (separated by intervals of 600 cycles of cycling at 5C, 10C and then 1C) 
shown for the electrode demonstrate the thermodynamic reversibility of this electrode system. 
There was a slight attenuation in the amplitude of the profile of the 800th cycle compared with that 
observed for the 200th cycle, reflecting the lower capacity (97.8% capacity retention comparing 
cycles 800 to 200). Likewise, the profile of the 1400th cycle overlaid that of the 200th cycle, with 
a capacity retention compared to cycle 200 close to 94.8%. A similar result was observed in 
comparing the 400th, 1000th and 1600
th cycles (tested at 5C) and the 600th, 1200
th and 1800th cycles 
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(tested at 10C), where the profiles of the differential capacity plots remained were observed to 
change only in magnitude, with a small decrease in the amplitude of their features.  
During the last seven-hundred cycles ending at cycle 2,500, sustained capacity fade on the 
order of 0.1 mAh g-1 per cycle is observed, and the differential capacity profile shows that the 
sharp Li-extraction feature near 500 mV has largely disappeared in a manner similar to the 
behavior of this same feature for the electrode cycled in EC/DMC electrolyte through 200 cycles. 
For both electrodes, the preservation of this feature correlates with stable cycling performance, 
and we suggest that the decay of this feature and corresponding capacity fade in the performance 
of the electrode may be related to the rate of oxidation of the germanium active material. As has 
been shown by Etacheri et al.41 in their excellent study on the effect of FEC on Si-nanowire anodes, 
reported by Choi et al.44 when considering FEC as an electrolyte additive and  observed by Nakai, 
et al.43 in their detailed XPS depth profiling of evaporated thin Si-films, the fluorinated electrolyte 
solvent may stabilize cycling performance by minimizing the extent to which the active material 
oxidizes during cycling, a reaction likely resulting from the presence of trace concentrations of 
water in the coin cell and electrolyte. A comparison of the electrode cycled in FEC:DEC after 
2,500 cycles and of the electrode cycled in EC:DMC after 200 cycles to a similarly prepared GeO2-
based slurry cast electrode (Supplementary Information Figure SI.2.14b) indicates that after 
cycling has progressed to the onset of significant capacity fade, the Ge nanoparticle may have 
become partially oxidized – albeit at a far slower rate for the electrode cycled in FEC:DEC than in 
EC:DMC – and to the extent that the partially oxidized Ge nanoparticle-based electrode’s 
thermodynamic Li-insertion and Li-extraction pathways closely resemble those of the GeO2 
nanoparticle-based electrode, the Li-insertion and Li-extraction features matching in both location 
(potential) and amplitude (Supplementary Information Figure 15). 
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Electrochemical Impedance Spectroscopy 
The information provided by differential capacity profiles can be supplemented by the 
results of electrochemical impedance spectroscopy (EIS) taken at intervals throughout 
galvanostatic testing in order to provide a more comprehensive picture of the evolution of 
nominally identical Ge nanoparticle-based anodes cycled using the different electrolytes. 
Differential capacity profiles provide a means to locate and determine the extent of the chemistry 
of surface film growth and the lithiation of the Ge nanoparticle. The surface film formed by the 
reduction of electrolyte can be a significant variable in explaining the observed differences in 
cycling performance between the nominally identical anodes tested in the two different 
electrolytes. EIS can be used to analyze properties related to the chemistry, morphology and 
thickness of this surface film, which are factors which limit the extent of lithiation of the Ge 
nanoparticle due to added impedance regarding Li+ ion transport and charge transfer. 
The impedance of the transport of Li-ions through multilayered surface films is modeled 
as a series of parallel resistor/capacitor (R||C) circuits represented in the spectra as semicircles in 
the high and medium frequency regions and a Warburg resistance represented as a sloped line in 
the low frequency region. The very high frequency region that captures the impedance through the 
electrolyte and separator membrane is observed as a combined resistor, measured as the resistance 
up to the beginning of the first semi-circular feature. The diameter of the high frequency semicircle 
corresponds to impedance regarding Li+ ion migration through the SEI, and the diameter of the 
medium frequency semicircle corresponds to charge transfer resistance at the interface of the SEI 
and active material surface.  
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Due to the complexity of the slurry-cast anode, these impedances must be represented by 
constant phase elements in the equivalent circuit, reflecting the non-ideality of the system arising 
from (a) the surface roughness and 3D morphology of the electrode, (b) the distribution of reaction 
rates on the Ge nanoparticle surface (probably as a consequence of uneven SEI growth, asymmetric 
particle geometry and the random orientation of the active and inactive materials in the film), (c) 
the varying thickness of the film and non-uniform composition due to imperfect stirring of the 
slurry and (d) non-uniform current distribution (both in the subject electrode and on the Li/Li+ foil 
counter/reference electrode surface due to dendritic growths). The initial linear profile of the 
spectra in the low frequency region is attributed to impedance resulting from solid state Li 
diffusion limitations. The steeper sloped linear profile in the very low frequency region is due to 
insertion capacitance. The low frequency region of the spectra is generally not considered when 
comparing electrolyte effects because it is assumed that the bulk properties of the cycled Ge 
particles are independent of the electrolyte used.45  
The model commonly used54 to represent this system should describe each of the anodes 
tested, but a quantitative analysis of the EIS spectra is not meaningful due to the complex 
morphology of slurry cast electrode system studied here. However, useful information may be 
obtained from a relative comparison between the types and magnitudes of features from anodes 
tested using different electrolytes or between spectra taken at various stages in the cycling of a 




Figure 2.6: Evolution of the electrochemical impedance spectra for Ge nanoparticle electrode 
cycled 10, 20 and 50 times at 1C in EC/DMC electrolyte in the (a) fully lithiated state (10mV) 
and (b) fully delithiated state (1000 mV) and in the FEC/DEC electrolyte at (c) fully lithiated 
state (10mV) and (d) fully delithiated state (1000 mV). 
The EIS for the electrodes cycled in EC/DMC and FEC/DEC in the fully lithiated (10mV) 
and delithiated states (1000mV) are shown in Figure 2.6.a-d. Through 50 cycles, total impedance 
is lower in the electrode cycled in EC/DMC, most noticeably when comparing the different 
electrode systems in their fully lithiated state, this result correlating with the lower overpotential 
required to drive the stripping/plating of Li in the EC/DMC electrolyte vs. the FEC/DEC 
electrolyte during the testing of coin cells composed of two electrodes of Li foil (Supplementary 
Information Figure 2.6). The solution resistance for the electrode cycled in EC/DMC is nearly 
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three times less than for the electrode cycled in FEC/DEC (6 vs 16 Ohm). The impedance through 
the SEI is significantly greater for the electrode cycled in FEC/DEC when in the fully-lithiated 
state in which the SEI is more fully formed. The impedance through the SEI depends upon the 
potential of the electrode because the ratio of the impedance through the SEI to the impedance due 
to charge transfer increases as the voltage increases. In the fully-lithiated state, the impedance 
through the SEI and due to charge transfer is greater in the electrode cycled in FEC/DEC. In the 
fully-delithiated state, the electrode cycled in EC/DMC has the larger impedance through the SEI, 
although in both electrodes, impedance from charge transfer is greater. For the electrode cycled in 
FEC/DEC, an additional source of impedance was observed besides that attributed to transport 
through the SEI and charge transfer at the active material interface. As shown in the inset for Figure 
2.6.d, the electrode cycled in FEC/DEC possesses an additional feature in its spectra observed at 
1000 mV, a small semicircle of diameter about 5 Ohm recorded during perturbations at high 
frequencies. To the best of our knowledge, this has not been reported for a Ge-based or other 
negative electrode system.  
SEM, TEM Characterization 
Electrodes were examined by SEM and TEM in their fully-delithiated state. The electrodes 
were removed from the coin cell in the glovebox, washed with dimethyl carbonate (DMC) and 
then examined by SEM. Between transfer from a vacuum tight container filled with Ar from the 





Figure 2.7: SEM of Ge-based anodes films not cycled (a, d, g,  j, m) and cycled 100 times at 1C 
in the EC:DMC (b, e, h, k, n), and FEC:DEC (c, f, i, l, o) electrolytes. Magnifications of 500 (a, 




The SEM wide-field view of the electrodes cycled 100 times at 1C in EC/DMC (Figure 
2.7.b) and FEC/DEC (Figure 2.7.c) shows the formation of micron-scale growths, protruding like 
plumes from the film surface. Using EDX mapping, the locations of these growths was correlated 
to the positions of large Ge particles or agglomerations within the electrode film (Supplementary 
Information Figure SI.2.16). These growths on the surface of the electrode cycled in EC/DMC 
appear to be up to an order of magnitude larger in size than many of the growths appearing on the 
surface of the electrode cycled in FEC/DEC and have a more noticeably reticulated surface. The 
growths on the electrode cycled in FEC/DEC more frequently appeared mesa-like, with smooth 
surfaces or, for smaller growths, the SEI surrounding the Ge nanoparticles in the electrode cycled 
in FEC/DEC appeared to be a collection of folded sheets forming a terraced structure 
(Supplementary Information Figure SI.2.17). Using cross-sectional TEM, the growths on the 
electrode cycled in FEC/DEC were shown to have a similar structure, despite their generally more 
smooth exterior appearance. A high energy electron beam was used to penetrate the outer surface, 
revealing the porous growth on an electrode cycled in EC/DMC (Figure 2.7.h, Supplementary 




Figure 2.8: TEM cross-section of Ge nanoparticle electrode cycled 700 times (200 cycles at 1C, 
5C and 10C followed by 50 cycles at 5C and then 1C) in the FEC/DEC electrolyte. The single 
Ge nanoparticle is surrounded by a roughly conformal coating of SEI. The red arrows indicate 
the direction in which successive layers of SEI move to accommodate the volumetric expansion 
of the particle. 
In Figure 2.8, a cross section view of an organic growth on the electrode cycled in 
FEC/DEC is shown using TEM. Beneath the surface of the growth is a branch-like network of 
loosely entwined organic/inorganic components. Appearing to be fiber or sheet-like with a 
thickness of about 20-50 nm, this SEI growth typically begins at the surface of several Ge 
nanoparticles and apparently also on the surface of conductive additive Super-P Li particles. As 
cycling progresses, the density of the entwined components and the size of the growth increases 
(Supplementary Information Figure SI.2.18.e-g). As described in section 4.4, the expansion may 
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occur as a consequence of evolved gas from reduction reactions near the active material surface.55-
56  
From cross-sectional TEM imaging, we find that these growths are not confined to the 
surface of the electrode but occur throughout the interior of the electrode film and at the Cu foil / 
film interface (Figure 2.9). With these, we show what we believe are the first such images that 
depict the SEI and its arrangement within the morphology of a slurry-cast cycled negative 
electrode. The roughly conformal film of SEI immediately surrounding the Ge nanoparticles 
(Figure 2.8) was observed to be 10-50 nm. Moving further away from the particle surface, there is 
a noticeable transition from this smooth, more dense, semi-conformal SEI into the porous growths 
described above (Supplementary Information Figure, SI.2.19). These porous growths of SEI occur 
throughout both electrodes considered herein, developing off of the surfaces of the electrically 




Figure 2.9: TEM cross-section of Ge nanoparticle electrode cycled 100 times at 1C (a) in the 
FEC/DEC electrolyte showing the cross-sectional architecture of the electrode film comprised of 
Ge nanoparticles, conductive additive Super-P Li and a porous SEI indicated by arrows, (b) in the 
EC/DMC electrolyte showing Ge nanoparticles in the electrode film surrounded by a roughly 
conformal coating of SEI that transitions into porous SEI and (c) in the FEC/DEC electrolyte 
showing porous SEI growth from the Cu foil current collector.  
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Due to the limited scope of a survey consisting of these TEM images which represent a 
section of less than 100 nm of the electrode film, we believe that the several sections imaged for 
this study are not necessarily representative of the entire film. What was observed indicated that 
the interior of the electrode cycled in the EC/DMC electrolyte differed in three significant ways 
from the electrode cycled in FEC/DEC. One, the porous SEI growths appeared to be of greater 
size and more densely formed in the electrode cycled in EC/DMC (Supplementary Information 
Figure SI.2.20). Two, there were larger agglomerations of Ge nanoparticles after cycling 
(Supplementary Information Figure SI.2.21). Three, large regions of fractured particles were 
observed in the electrode cycled in EC/DMC but not in the electrode cycled in FEC/DEC 
(Supplementary Information Figure SI.2.22).  
High magnification SEM (Figure 2.7.k-l,n-o) shows that the morphology of the SEI film 
coating the conductive additive in the electrode is similar for both electrolytes tested. However, 
differences in cycling performance (Supplementary Information Figure SI.2.23) and impedance 
measured through these SEI films (Supplementary Information Figure SI.2.24) for the conductive 
additive were observed.  
Surrounding the conductive additive particles in the electrode cycled in FEC/DEC, we 
observed unidentified spherical materials about 100-500 nm in diameter (Figure 2.7.i,l,o). Using 
EDX, these spherical materials were determined to be composed of material other than Ge. EDX 
mapping was attempted but the competing signal from other species nearby and below within this 
highly porous structure obscured the identity of this spherical material.  These particles sometimes 
appeared smooth but more frequently were observed with an uneven and knobby surface 
(Supplementary Information Figure 2.SI.2.25 a-c).  
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Discussion of Cycling Performance 
We observed that a Ge-based electrode employing FEC/DEC as the electrolyte has a high 
energy density and can cycle at high C-rates with high Coulombic efficiency for a long lifetime. 
The stable capacity along with near 100% Coulombic efficiency achieved through 500 cycles at 
10C (16 A g-1) constant current cycling recommends the Ge nanoparticle / FEC-based electrolyte 
combination as an attractive electrode suited for further study for optimizing its slurry composition 
and scaling up its mass loading. The performance of the electrode when tested at high discharge 
rates (10C or 20C discharge / 1C charge, Figure 2.2.c) and when tested for over 2,500 cycles at 
variable rates (1C, 5C and 10C, Figure 2.2.c) supports this recommendation.  
We believe that the performance of this anode system could be improved in terms of 
capacity retention at high rates by using Ge nanoparticles of a narrower size distribution and of a 
smaller size. The Ge particles used in this research ranged from nano to micron sized (Supporting 
Information Figure SI.2.1) and consequently a fraction of the Ge particles were not fully lithiated 
at higher rates due to the limiting rate of Li bulk diffusion in the active material. Additionally, the 
applied current density per unit area of the electrode could be improved by increasing the mass 
fraction of the active material in the slurry and the mass loading. For example, we found electrode 
films made with 80 wt percent G nanoparticles cycled with minimal capacity fade (0.5 mAh g-1 
per cycle) through 100 cycles at a rate of 1C (Supplementary Information Figure SI.2.2). 
Additionally, we found that an electrode made with 60 wt percent Ge nanoparticles achieved stable 
performance for 1000 cycles at 1C (Supporting Information Figure SI.2.7) with a mass loading 
several times higher than the anodes tested and discussed in the main paper. For this particular 
electrode, i.e., with 60 wt percent Ge nanoparticles, the 1000th cycle capacity of 818 mAh g-1 
(Coulombic efficiency, 99.7%) retained 93% of the 10th cycle capacity. In contrast, the nominally 
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identical electrode cycled in EC/DMC retained less than 47% of its 10th cycle capacity after only 
200 cycles. 
Discussion of EIS and Differential Capacity Profile 
The differential capacity profile for the Ge nanoparticle electrode cycled in FEC/DEC is 
consistent with the cycling data, both of which show the reversibility of this electrode system. The 
1C profiles taken for the 200th and 700th cycles (Figure 2.5) are nearly identical, the difference 
between these being that the marginally lower capacity of the 700th cycle is reflected in the 
magnitudes of the Li insertion and extraction peaks.  
 
Figure 2.10: Differential capacity profiles for the Ge nanoparticle electrode cycled in EC/DMC 
at 1C (a) cycles 20, 50 and 100 and (b) cycles 100, 150 and 200. 
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The differential capacity profiles for the electrode cycled in EC/DMC is consistent with 
the cycling data, which shows the onset of capacity fade after about 20 cycles. During these first 
cycles for which there is no capacity fade, the Li insertion and extraction features of the differential 
capacity profile are essentially unchanged in both shape and magnitude. Coinciding with the 
capacity fade, the two Li extraction features change, with the feature at the higher potential 
disappearing while the feature at the lower potential grows in magnitude, both relatively in 
proportion to the disappearing peak and in absolute magnitude (Figure 2.10.a). The only shift in 
this peak is to a lower potential, signifying that less overpotential is required for the Li extraction. 
The EIS results showing the continuous decrease in total impedance through these 50 cycles 
supports the interpretation of these differential capacity profiles that the kinetics of the electrode 
system are improving (Figure 2.6). These results indicate that the thermodynamics of the electrode 
tested in EC/DMC change during these tens of cycles that coincide with the onset of capacity fade. 
When compared with the differential capacity profile of a similarly prepared electrode composed 
of GeO2 nanoparticle, this progressive transformation in the EC-based Ge nanoparticle electrode 
differential capacity profiles may be explained as indicating the gradual oxidation of the Ge 
nanoparticle active material (Supplementary Information Figure SI.2.26). 
After 100 cycles, the Li extraction peak initially observed above 500 mV has almost 
disappeared (Figure 2.10.a). During the subsequent 100 cycles (Figure 2.10.b), the changes in the 
differential capacity profile reflect the continuous capacity fade, with each of the Li insertion and 
extraction features decreasing in proportion. This behavior observed after 100 cycles fits the 
hypothesis which explains capacity fade in terms of either the general dislocation and 
dislodgement of regions of the film from the main body of the electrode and/or the electrical 
isolation of fractured particles when separated grains are coated with electrically insulating SEI on 
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their freshly exposed surfaces. As the amount of electrically connected Ge nanoparticles decreases, 
the amplitude of the differential capacity profile diminishes in proportion to the extent of capacity 
fade. Although the specific current density would then also increase in terms of the amount of 
electrically connected Ge nanoparticles, this does not result in peak shifts due to the excellent ionic 
conductivity of Li ions through the EC-derived SEI (as reported in the EIS results) and fast 
diffusion of Li through the bulk of the Ge nanoparticles.  
The lower impedance through the SEI of the Ge nanoparticle electrode cycled in EC/DMC 
through the first 50 cycles at 1C conflicts with recent reports of an electrolyte survey (including 
FEC-based electrolytes) done by Aurbach’s group[41] for a Si nanowire thin film electrode and 
by Lin, et al.,42 for a slurry cast Si-based anode. In these reports, the ionic transport is improved 
through better Li+ ion conducting SEI formed by FEC-based electrolytes, although this evolution 
towards diminished impedance is not reflected in the cycling data for Ge-based electrodes studied 
here which show stable performance for the electrode cycled in FEC/DEC and capacity fade for 
the electrode cycled in EC/DMC. This suggests that the impedance of transport through the surface 
films and related to charge transfer do not necessarily explain cycling performance data.  
For both electrode systems, these EIS results coincide with the differential capacity profiles 
(Figure 2.4) in that these show that through 50 cycles at 1C, the primary Li insertion peak for the 
electrode cycled in EC/DMC is found at a higher potential (lower overpotential) than the same 
peak for the electrode cycled in FEC/DEC. Through 50 cycles, the decrease in impedance shown 
in the EIS for both electrode systems can be correlated with decreasing overpotentials required to 
reach this primary Li insertion peak for the electrode cycled in FEC/DEC but not for the electrode 
cycled in EC/DMC. For this electrode the primary Li insertion peak remains near 165 mV for 
cycles 10, 20 and 50. For Li extraction from these electrode systems, there is negligible difference 
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in the impedance spectra observed at 1000 mV, and these results correlate strongly with the 
minimal differences in Li extraction features for both the electrode cycled in EC/DMC and in 
FEC/DEC. There is no significant change in the EIS for the electrode cycled in EC/DMC which 
correlates to the large decrease in the size of the Li extraction feature near 515 mV for these cycles, 
which suggests that the reason for the observed capacity fade is not explained by the surface 
transport properties of this electrode system.  
Discussion of High Rate and Long Cycle Life Performance 
The cycling data for constant charge rate (1C) / variable high rate discharge testing show 
that Ge-based active materials tested using the FEC/DEC electrolyte are an appropriate choice for 
Li-ion batteries required for fast discharge applications. The nearly identical performance of 
electrodes tested at 10C and 20C discharge rates indicates that the charge rate, not the discharge 
rate, appears to be the significant limiting factor in the performance of this electrode for testing 
done at high current densities. We believe that this performance may be further improved not only 
by selecting Ge nanomaterials with an appropriate diffusion length for the rate desired but also by 
optimizing the electrolyte composition and separator membrane to support the rapid transport of 
Li+ ions. This study used Ge nanoparticles with a size distribution far wider than was advertised 
for this commercially available product (see Supplementary Information Figure SI.2.1). As 
indicated above, the below-theoretical capacities reported in this study can be partially explained 
by the dimensions of the Ge active material used. The bulk diffusion rate of Li in Ge may limit 
electrode performance at higher C-rates leading to particles that are not fully lithiated. Smaller Ge 
particles, such as those used by Lee et al.,16 or those otherwise designed with diffusion lengths 
appropriate for a specific range of C-rates would likely improve the capacity retention of this 
electrode system.  
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Discussion of SEM, TEM Characterization 
The combined perspectives of SEM and cross-sectional TEM used in this study depicted 
the structure of the electrode film and provided a means to examine the structure of the cycled 
anode: the Ge nanoparticles, the conductive additive (Super-P Li) and the surrounding SEI. 
Although the type and extent of formation of the SEI in a negative electrode is considered crucial 
to understanding the electrode’s cycling performance, we believe the TEM images shown herein 
are the first to reveal the nature and scope of growth of SEI within a cycled slurry cast electrode. 
Embedding the cycled electrode within epoxy, which is subsequently polymerized and hardened, 
preserves the chemical integrity of the electrode film and SEI from contaminating species formed 
when the sample is exposed to air. The structural integrity of the electrode film is also well 
preserved due to the hardened epoxy supporting the porous electrode architecture and because of 
the non-destructive nature of ultra-microtome sectioning. Using cross-sectional TEM, we observed 
what we believe are two types of SEI growth. One is a layered and more densely formed material, 
conformally surrounding the Ge nanoparticle (or conductive additive). The other observed variety 
of SEI developed off of both the electrically conductive particles and from the surface of the Cu 
foil current collector. Porous in nature, with fiber-like strands, we believe the structure of this SEI 
may be partially attributed to the motion of volumetric expansion and contraction of the Ge 
nanoparticles. Because of their microns-dimension and directional growth along an axis paralleling 
the gravitational rise of evolved gas bubbles (CO2, H2)
55-56 it may be that  the evolved gas expands 
the SEI to the morphology observed.  
Failure mode mechanisms, such as the extent of particle agglomeration and particle fracture 
are also indicated by TEM images. Here we observe evidence for both the agglomeration of active 
material nanoparticles (Supplementary Information Figure SI.2.21) and Ge particle fracturing 
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(Supplementary Information Figure SI.2.22). Due to the variety of sizes and shapes of the 
commercially used Ge nanopowder, the ability to contrast the changed morphology of the particle 
after several cycles with its uncycled condition is limited. With careful materials selection, and 
using image processing techniques to quantitatively assess the extent of particle agglomeration 
and fracture, a more comprehensive study of the cycled, slurry-cast electrode film may be done. 
Herein we demonstrate the first reported instance of cross-sectional TEM as a tool for 
characterizing the changes in the structure of the nanoparticle network and growth of SEI after 
cycling.  
Conclusions 
Ge nanoparticle based slurry cast electrodes were tested with PAA binder in 1M LiPF6 
EC/DMC or FEC/DEC electrolytes. The critical factor determining the cycling performance of the 
anode was determined to be the use of fluoroethylene carbonate (FEC) as a co-solvent in the 
electrolyte solution. For this FEC-based electrode system, we report long-term, high 
capacity/Coulombic efficiency and stable cycling results for a selection of high C-rate tests. 
Throughout a 2,500 cycle (alternating 200-cycle, variable high rate) test done at 1C, 5C and 10C, 
we found stable capacities/high Coulombic efficiencies near 1152 mAh g-1/99.7%, 706 mAh g-
1/99.2% and 423 mAh g-1/99.7%. Continuous testing at 10C showed a capacity near 700 mAh g-1 
with an average Coulombic efficiency of 100% through 500 cycles. Capacities over 1000 mAh g-
1 were observed when discharging the electrode at up to 20C while charging at 1C and a capacity 
of 425 mAh g-1 was achieved for a discharge rate of 50C. These results and our preliminary work 
for a similar electrode system with higher mass content and mass loadings (Supplementary 
Information Figures SI.2.2 and SI.2.7) successfully demonstrate that for the Ge-based, slurry cast 
electrode, the attractive properties of this Li-ion anode material – Li diffusion rate, electrical 
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conductivity and theoretical capacity – can be used to create an electrode system which is a 
candidate for optimization and scale-up based upon its performance in several of the significant 
battery parameters of interest: maximum specific power output, specific and volumetric energy 
densities, Coulombic efficiency and cycle life. These cycling improvements obtained by the use 
of the FEC-based electrolyte in a Ge-based electrode complements the recent progress in slurry 
cast Ge-based electrode research which has focused on improving performance through structural 
and chemical modifications to the structure of the active material. Differential capacity profiles 
provided evidence of the improved thermodynamic stability of the electrode system, which we 
suggest may be a result of the enhanced preservation of Ge active material by a FEC-derived SEI 
that stabilizes the electrode against oxidation. Through the use of cross-sectional TEM imaging, 
we characterize the evolution of the structure of the improved electrode cycled with the FEC-based 
electrolyte by considering the type and extent of SEI growth, particle agglomeration and fracturing 
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Experimental procedure for sectioning of cycled electrode for TEM imaging 
The cycled electrode within a 2032 coin cell was removed in an Ar-filled glovebox (<0.1 ppm O2) 
using plastic pliers (I-V Products, Inc.) so as to preserve the electrochemical properties of the 
delithiated electrode during disassembly. The electrode was transferred to a vial filled with DMC 
where it soaked overnight in order to dissolve Li-based salts. Inside the glovebox, small sections 
from the electrode, approximately 0.25 mm by 10 mm, were cut using a sterile razor blade and 
then placed into silicone embedding molds. 812 embedding resin (Electron Microscopy Sciences) 
was added to the molds which were subsequently transferred out of the glovebox and into an oven. 
The resin was polymerized for at least 48 hours at 60°C. The sample embedded in hardened epoxy 
was initially trimmed using a razor blade. The sample was then placed into the cutting arm of a 
Leica Ultracut UTC Ultramicrotome and a 47° diamond knife (Dupont) was used to produce a flat, 
trapezoidal face surrounding the sample (0.25 mm base length, 0.75 mm height). A 35° diamond 
knife (DiATOME) was used to slice several sections of 50-80 nm under ambient conditions. These 
slices floated off the diamond blade edge into a boat filled with filtered water and then collected 










Table SI.2.1: Cycling performance statistics for Ge nanoparticle electrode tested for 1,850 cycles 
at 1C, 5C and 10C in FEC/DEC electrolyte 
Cycle 
Number 





Capacity / Capacity 
at cycle 10 (% of 
1150 mAh g-1) 
Capacity / Capacity of 
10th cycle for relevant 
C-rate series* (%) 
10 1C 1150 99.05 % 100 % 100 % 
200 1C 1152 99.67 % 100 % 100 % 
210 5C 667 99.24 % 58 % 100 % 
400 5C 706 99.35 % 61 % 106 % 
410 10C 389 99.44 % 34 % 100 % 
600 10C 422 99.72 % 37 % 108 % 
610 1C 1163 99.63 % 101 % 101 % 
800 1C 1128 99.79 % 98 % 98 % 
810 5C 664 99.11 % 58 % 100 % 
1000 5C 642 99.38 % 56 % 96 % 
1010 10C 385 99.82 % 33 % 99 % 
1200 10C 417 99.63 % 36 % 107 % 
1210 1C 1136 99.75 % 99 % 99 % 
1400 1C 1092 99.76 % 95 % 95 % 
1410 5C 654 99.19 % 57 % 98 % 
1600 5C 631 99.36 % 55 % 95 % 
1610 10C 384 99.67 % 33 % 99 % 
1800 10C 407 99.47 % 35 % 105 % 
1810 1C 1098 99.73 % 95 % 95 % 
2500 1C 999 99.86 % 87 % 87 % 
 
* The 10th cycle capacities for the three series run at 1C, 5C and 10C are, respectively, (cycle 10), 













Figure SI.2.1: TEM of Ge nanoparticles purchased from American Elements 
 
Figure SI.2.2: Cycling performance of a Ge nanoparticle based electrode tested in FEC:DEC 
electrolyte between 0.01 and 1 V at 1C following a first cycle C/20 conditioning cycle. The 
electrode composition is 80:10:10 Ge nanoparticle / PAA450kDa / Super-P Li conductive additive 
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and the mass loading is 283 μg Ge nanoparticles per cm2. Through 100 cycles at 1C (cycles 2-
101), the capacity fade is from 900 to 852 mAh g-1.  
 
Figure SI.2.3: (a) Cycling performance of two nominally identical Super-P based electrodes 
tested in FEC:DEC electrolyte between 0.01 and 1V at variable C-rates following a first cycle 
C/20 conditioning cycle. The electrode composition is 80:20 Super-P Li / PAA450kDa. (b) The 
result of the cycling performance for these electrodes shown in a plot of specific capacity as a 
function of applied current per area. The arrows indicate the current densities corresponding to 
the C/20, 1C, 5C and 10C rates at which the Ge nanoparticle based electrode tested for 2,500 
cycles. For these current densities, the Super-P Li is estimated to contribute 145, 110, 70 and 40 




Figure SI.2.4: Cycling performance of a Ge nanoparticle based electrode tested in FEC:DEC 
electrolyte between 0.01 and 1 V at 1C for 400 cycles following a first cycle C/20 conditioning 
cycle. The electrode composition for the test of the PAA450kDa binder is 66:11:22 Ge nanoparticle 
/ PAA450kDa / Super-P Li conductive additive and the mass loading is 285 μg Ge nanoparticles per 
cm2. The electrode composition for the test of the PVDF binder is 60:20:20 Ge nanoparticle / 





Figure SI.2.5: Cross-sectional TEM image of uncycled Ge nanoparticle electrode composed of 
40:20:40 Ge nanoparticle / PAA450kDa / Super-P Li conductive additive and the mass loading is 
246 μg Ge nanoparticles per cm2. The average thickness, rounded to the nearest tenth for several 
measurements, is 7.0 μm, leading to an estimated average electrode density of 350 mg of Ge 




Figure SI.2.6: (a) The voltage profile of a Li vs Li coin cell tested in EC:DMC or FEC:DEC 
electrolyte as a function of time for one half of the 10th cycle of selected C-rates driving the 
stripping/plating for the cell. The test was run with one cycle conditioning cycle at a current 
density comparable to C/20 for a 500 μg electrode composed of 40 weight percent Ge 
nanoparticles followed by several 10 cycle sets of progressively higher current density testing: at 
1C, 2C, 3C, 5C, 6C, 8C, 10C, and 20C. (b) The average overpotential required for 
stripping/plating Li as a function of C-rate (where the current density is set as if the electrode 
were 500 μg composed of 40 weight percent Ge nanoparticles) for Li vs Li cells cycled in 




Figure SI.2.7: Cycling performance of a Ge nanoparticle based electrode tested in FEC:DMC or 
EC:DMC electrolyte between 0.01 and 1 V at 1C for up to 1000 cycles following a four cycle 
conditioning sequence of one cycle each at C/20, C/10, C/5 and C/2. The electrode composition 
for the test of the PAA450kDa binder is 60:20:20 Ge nanoparticle / PAA250kDa / Super-P Li 
conductive additive and the mass loading is 800 μg Ge nanoparticles per cm2. The 1000th cycle 
of the electrode cycled in FEC/DEC has a capacity of 818 mAh g-1 (Coulombic efficiency 
99.7%) and retained 93% of the 10th cycle capacity The lower capacity reflects the effect of 
using a slurry composition 60 wt percent Ge nanoparticles and, compared to the electrode tested 
in the main body of this paper, of using a higher mass loading of Ge nanoparticles on the 




Figure SI.2.8: Cycling performance of Ge nanoparticle electrode tested for 100 cycle intervals at 







Figure SI.2.9: Cycling performance of Ge nanoparticle electrode in FEC/DEC at 50C discharge 
rate and 1C charge rate. Cycles after number 12 not shown because unusual behavior was 
observed during the subsequent 100 cycles during which the Li-extraction capacity continuously 




Figure SI.2.10: Cycling performance of Ge nanoparticle electrode in FEC/DEC at 50C discharge 
rate and 1C charge rate after treating Li foil with TEOS to inhibit dendritic growth during 
cycling. Cycles after number 22 not shown because unusual behavior was observed during the 
subsequent 100 cycles during which the Li-extraction capacity continuously and increasingly 




Figure SI.2.11: Stable cycling performance of Ge nanoparticle electrode in FEC/DEC during the 





Figure SI.2.12: Differential capacity profile for the first cycle (a) lithium insertion and (b) 
lithium extraction for Ge nanoparticle electrodes cycled in EC/DMC (red-dotted line) and 




Figure SI.2.13: Relaxation current profiles for electrodes tested at 1C through 200 cycles in 





Figure SI.2.14: (a) Comparison of the differential capacity profiles of the Ge nanoparticle 
electrodes cycled in FEC:DEC (blue solid line) or EC:DMC (red dotted line) at cycle 2 (the first 
cycle tested at the rate of 1C), showing two clearly distinguishable Li-extraction features. (b) 
Overlay of the differential capacity profiles of the the Ge nanoparticle electrodes cycled in 
FEC:DEC (blue solid line) at cycle 2,500 (rate, 1C) or in EC:DMC (red dotted line) at cycle 200 
(rate, 1C) compared to the differential capacity profile of a GeO2 based electrode (60:20:20 
GeO2 nanoparticle / PAA450kDa / Super-P Li conductive additive) cycled in FEC:DEC (green 




Figure SI.2.15: (a) Cycling performance of GeO2 nanoparticle based electrodes tested in 
FEC:DEC electrolyte between 0.01 and 1V at 1C following a first cycle C/20 conditioning cycle. 
The electrode composition is 60:20:20 GeO2 nanoparticle / PAA450kDA / Super-P Li. (b) Overlay 





Figure SI.2.16: EDX mapping of Ge-based anode film (not cycled) showing (a) SEM and 




Figure SI.2.17: SEM of Ge nanoparticle electrode cycled 100 times at 1C in FEC/DEC showing 
(a) wide field view of electrode surface showing terraced SEI growths and (b) higher 





Figure SI.2.18: (a) SEM wide field view at 500x of electrode cycled 100 times at 1C in 
FEC/DEC. (b) SEM wide field view at 500x showing increase in SEI plume growths on surface 
of electrode cycled 700 times (200 cycles at 1C, 5C and 10C followed by 50 cycles at 5C and 
1C) in FEC/DEC. (c) SEM of interior of plume growth on surface of electrode cycled 700 times 
(200 cycles at 1C, 5C and 10C followed by 50 cycles at 5C and 1C) in FEC/DEC. (d) SEM of 
plume growth on surface of electrode cycled 700 times (200 cycles at 1C, 5C and 10C followed 
by 50 cycles at 5C and 1C) in FEC/DEC. (e) TEM cross sectional view of plume growth on 
electrode cycled 100 times at 1C in FEC/DEC. (f) TEM cross section view with inset showing 
high magnification view of plume growth  on electrode cycled 700 times (200 cycles at 1C, 5C 
and 10C followed by 50 cycles at 5C and 1C) in FEC/DEC. (g) High magnification view of SEI 




Figure SI.2.19: TEM cross-section of Ge nanoparticle electrode cycled 700 times (200 cycles at 
1C, 5C and 10C followed by 50 cycles at 5C and 1C) in FEC/DEC showing (a) the more dense, 
roughly conformal SEI surrounding the Ge nanoparticles which transitions into a more porous 
structure and (b) high magnification TEM cross-section of porous SEI growth and an unspecified 




Figure SI.2.20: TEM cross-section showing the representative density of porous SEI observed in 
the Ge nanoparticle electrodes cycled 100 times at 1C in (a) EC/DMC, (b) magnified of green box 





Figure SI.2.21: TEM cross-section showing the agglomerated Ge nanoparticles observed in the 














Figure SI.2.22: TEM cross-section showing fractured particles in electrode cycled 100 times at 
1C in EC/DMC observed in the electrode. (a) Fractured particles surrounding Ge nanoparticles. 
(b) Ge nanoparticle partially broken into multiple grains. (c) Broken up Ge nanoparticle next to 




Figure SI.2.23: Cycling performance of conductive additive (Super-P Li) in 80/20 w/w percent 
Super-P Li/PAA450kDa film cycled in the (a) EC/DMC and (b) FEC/DEC electrolytes for 75 





Figure SI.2.24: Electrochemical impedance spectroscopy measured at 1.0 V of conductive 
additive (Super-P Li) in 80/20 w/w percent Super-P Li/PAA450kDa film cycled in the (a) EC/DMC 




Figure SI.2.25: SEM of Ge nanoparticle electrode cycled 100 times at 1C in FEC/DEC showing 
(a) spherical materials, (b) smooth faced spherical materials and (c) high magnification image of 




Figure SI.2.26: Differential capacity profiles for the Ge nanoparticle electrode cycled in 
EC/DMC at 1C (a) cycles 20, 50 and 100 compared with differential capacity profile of GeO2 
based electrode (cycle 400, rate 1C) and (b) cycles 100, 150 and 200 with differential capacity 




NOTES ON STUDY 
This study demonstrated - without intent and without knowledge during the experiment 
and its report - the efficacy of the FEC co-solvent in diminishing the growth of lithium dendrites, 
described as “plumes” in the study. Also, the co-solvent DFEC was tested in the course of this 
study, but was found to be inferior to FEC when used as a co-solvent substituting for EC and also 





Chapter 3: A free-standing, flexible lithium-ion anode formed from 
an air-dried slurry cast of high tap density SnO2, CMC polymer 
binder and Super-P Li2 
 
INTRODUCTION 
Flexible or free-standing electrodes for lithium ion batteries (LIB) that can be stretched, 
compressed and deformed are desired for use within the increasingly more compact framework of 
portable devices and powering an emerging class of stretchable, bendable electronics.1,2 
Commercial electrodes in standard lithium-ion batteries are currently constructed of a slurry cast 
electrode film adhered to a metal foil current collector. The bending or other deformation of this 
electrode design commonly results in degradation and sometimes delamination of the film, leading 
to increased resistance and loss of electrical connection.3 
To attempt to avoid these issues, many electrode architectures designed without a metallic 
current collector have been devised. For a comprehensive survey of the state of this field of 
research, the reader is referred to three recently published review articles by Zhou et al.4, Gwon et 
al.5 and Hu and Sun6. The designs for electrodes made without a current collector may be generally 
characterized as belonging to one of two categories as defined by Hu and Sun6: i) flexible 
electrodes, which are formed by casting or depositing nanostructured active material onto a dually 
flexible and (typically) conductive substrate and ii) free-standing electrodes, which are films of  
                                                     
2  The content in this chapter has been copied (with minor edits) from its original publication in the Journal of 
Materials Chemistry A in 2014. 
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homogenously integrated nanostructured active material and nanostructured carbon, such as 
carbon nanotubes (CNT), graphene or carbon fibers.  
For flexible electrodes (category i), nanostructured active material is deposited 
(chemical7,8,9 or physical10,11 deposition, hydrothermal treatments12, wet chemical deposition13, 
sputtering14) or coated15 upon a separately constructed flexible substrate. The substrate should be 
lightweight, strong and may be intrinsically conductive, or otherwise an initially non-conductive 
material (paper15, membrane separator16, Kimwipes17) may be made conductive by coatings. 
Flexible conductive substrates have been made from films of 1D or 2D carbons (such as CNT18,19, 
carbon fibers20, graphene10,21,22, graphene foam23), 1D carbons embedded into polymer films24,25, 
carbon cloth12, nickel foam26, etc. Several full batteries15,10,17 have been developed using this 
approach and some electrodes with very high strength have been reported9. 
For free-standing electrodes (category ii), 1D or 2D carbons are combined with 
nanostructured active material (nanoparticles8,13,27,28,29,30, nanofibers31,32, nanowires33,34,35, etc.) 
and the film is typically assembled by a vacuum filtration process. Although numerous high-
performing free-standing electrodes have been reported, Hu and Sun cite the cost of nanostructured 
material syntheses and low-efficiency filtration process as significant barriers which might 
preclude transition from lab-scale development to scaled-up mass film production6.   
Recently, free-standing films resulting from using alternative binder materials have been 
demonstrated using micro-36 or nano-fibrillated37 carboxymethyl cellulose (CMC) as well as 
carboxymethyl cellulose fibers38,39. These have opened up an alternative (and possibly less 
expensive and energy intensive) route for creating free-standing electrodes.  
83 
  
Here we study a simple process for creating large areas of free-standing electrodes that 
avoids the need for vacuum filtration: we report electrodes cut from flexible, thin films formed 
from doctor-bladed slurries which delaminate from the substrate upon air-drying. The resulting 
films form within minutes of casting and are composed of commercially available micron-sized, 
high tap density SnO2 particles and CMC 90-kDa polymer and can be made with CNT or Super-P 
Li (SP-Li) type carbon black particles. To the best of our knowledge, this is the first use of the 
commercially available polymer-form of CMC in a free-standing film. 
Note that hereafter, films made using only CNT as the conductive additive are designated 
SnO2/CNT and films made only using SP-Li as the conductive additive are designated SnO2/SP-
Li. 
While the SnO2/CNT electrode was measured to have a higher strength at break and lower 
electrical resistivity both before and after the folding and creasing of the electrode film (the 
recommended method of measuring the effect of flexing a film by rolling it around a thin rod3 did 
not appear to be sufficient to test this surprisingly flexible film), the cycling performance of the 
SnO2/SP-Li electrode exceeds that of the SnO2/CNT electrode made with the orders-of-magnitude 
more expensive 1D carbon. In cycling tests conducted at 1C through 100 cycles or at variable C-
rates up to 2C, the flexible SnO2/SP-Li electrodes tested stably, while the SnO2/CNT electrodes 
exhibited both lower as well as unstable and fading capacities in these same tests.  
As the discovery of the self-delamination property of this electrode film was accidental, 
the selection of SnO2 as the active material was made owing to ordinary design principles: SnO2 
is a potentially viable alternative anode active material that might be substituted for the 
commercially used graphite because of its (a) comparatively high theoretical capacity of 782 mAh 
g-1, (b) relative abundance in concentrated ores40, (c) viability for safe, rapid charging (without 
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severe risk of dendrite formation) due to the Li-alloying occurring at relatively high potentials vs 
the Li/Li+ redox couple, (d) relatively low average discharge potential which allows for its use in 
a high voltage battery and (e) ability to cycle stably for many hundreds of cycles41 despite 
undergoing a near 360% volumetric change42 to accommodate Li-alloying/de-alloying.  
To achieve areal capacities comparable to what is commercially available43,44, the 
SnO2/SP-Li electrode films (typical thicknesses of near or less than 5 m) can be stacked to reach 
higher effective mass loadings. For a stack of electrodes made with between 7 to 10 films (film 
count was varied so as to achieve 4-4.5 mg-SnO2 cm
-2 loading), a 2.6 mAh cm-2 capacity was 
observed with 0.33 mA cm-2 current density (~C/12); 1.8 mAh cm-2 at 0.67 mA cm-2 (~C/6) and 
0.9 mAh cm-2 at 1.0 mA cm-2 (~C/4). In addition to coin cell testing, this SnO2/SP-Li electrode 
film was further studied in a flexed orientation to better understand the electrode behavior under 
conditions of intended use. In a home-built pouch cell, the electrode was folded and found to cycle 
stably for 20 cycles at 1C rate before slight capacity fade was observed.  
Accompanying the potential advantages derived from the simple method of production and 
low cost of the conductive additive for this free-standing SnO2/SP-Li electrode, we believe its 
flexible design may have particular application where space may be of concern such as in medical 
devices or wearable electronics, for the electrode’s favorable cycling performance (in terms of 
capacity at variable rate, stability and coulombic efficiency results) is achieved with relatively high 
volumetric energy density owing to an absence of a current collector and the use of high tap density 




Electrochemical testing. Electrodes were prepared by mixing microns-sized SnO2 particles (Alfa-
44606, SEM and TEM in S Figure 3.1 ESI†), CMC 90-kDa polymer binder (Sigma) and either 
Super-P Li (Timcal, $0.00792 g-1) or multi-walled carbon nanotubes (NanoAmor, 8-15 nm 
diameter, 10-50 m length, $6.00 g-1) in a 3:1:1 weight ratio in deionized water. From SEM, we 
observed that the film volume is predominantly filled with conductive additive (S Figure 3.2 
ESI†); this indicates that a higher content of active material would be possible to achieve in 
future optimization of the electrode composition. Also, we found that similar free-standing, 
flexible electrodes could be prepared using nanosized SnO2 particles (Sigma, <100 nm S Figure 
3.3 ESI†), but here we restricted our studies to electrode films made using micron sized particles 
which provide for higher volumetric energy density owing to a very high tap density45 for the 
selected SnO2 anode active material: 2.5 g cm
-3 (Quantachrome Autotap).  
The slurry mixture was cast onto copper foil (MTI, 10 m) and left to air-dry. During the 
drying process, the films delaminated from the substrate into large, continuous free-standing 
sections. In an effort to improve the delamination process such that larger continuous regions of 
film formed, we attempted to cast upon a lower surface energy substrate (we selected Mylar, 
McMaster Carr). This change in substrate accordingly required lowering the surface tension of the 
slurry so that it wetted the surface upon casting. This wetting was achieved by using mixture of 
ethanol and water for the slurry and the delamination process was found to be most improved when 
the slurry was composed of 1 g solids, 4 g  H2O and 1.25 g EtOH (200 proof). Electrodes of 
7/16” 
diameter were punched from the film, vacuum-dried at room temperature and used as the negative 
electrode vs a lithium foil counter/reference electrode in a 2032 coin cell assembled in an Ar-filled 
glovebox (less than 3.2 ppm H2O and less than 0.1 ppm O2). Celgard 2400 (polyethylene) 
membrane was used as the separator with 1M LiPF6 (Sigma) dissolved in 5 wt% FEC (Solvay 
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Fluor) in EC:DEC (co-solvents purchased individually from Sigma and mixed in a 1:1 volume % 
ratio) selected as the electrolyte. For anodes constituted of several films in a stack, a drop of 
electrolyte was added between each film in the stack. 
 
Cycling tests using coin cells were performed on an Arbin BT-2043 or BT-2143 multichannel 
battery testing system. Charge (ion-insertion into the anode) and discharge (ion-extraction) was 
performed between 0.01 and 1.0 or 1.25 V vs the Li/Li+ redox couple with the theoretical capacity 
defined as 782 mAh g-1 (1C = 0.782 A/g). For each cell, a conditioning cycle at C/20 was 
completed prior to testing. 
Pouch cell testing was conducted inside a glovebox due to issues arising from O2 and H2O 
permeation through the polyethylene (PE) plastic bag used as the pouch. The flexible electrode 
and Li foil counter/reference electrode were connected to custom-cut copper 200-mesh leads 
(TWP) by applying slight pressure to the cell during testing. Electrolyte was added to the pouch 
before the pouch was closed using a Food Saver impulse sealer46. Galvanostatic testing with a 
conditioning cycle at C/20 followed by 1C testing was performed on the pouch cells using a CH 
Instruments potentiostat/galvanostat (608D). 
Mechanical testing. Mechanical testing was performed using an Instron Microtensile tester 
model 5948 (Instron) with a 1kN load cell at a strain rate of 0.5 mm/min. Strips of each electrode 
film were cut into rectangular sections (approximate dimensions, ~2-3 mm in width by ~10-15 
mm in length) with a razor to avoid tearing. Extensive observation of the length of the films’ cut 
edges with a scanning electron microscope (SEM, Zeiss Supra 40) revealed no tears. Five or more 
successful tests were used to establish repeatability. Because of the thinness of the films, a caliper 
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was not suitable for measuring the film thickness. To establish the strength at break, this thickness 
measurement was made using SEM for two of the successful samples representative of the group 
of tests for both electrode film types: SnO2/SP-Li and SnO2/CNT. Ten images at 8,000x 
magnification (about 35 m of film length in frame) were obtained, and using the software called 
ImageJ47 the film cross-sectional area, film length and scale bar were measured in pixels and then 
the cross-sectional film area was divided by its length to find the average film thickness. 
Resistivity measurements. The electrical resistivity of the films was measured using a four-
point probe (Lucas 302) with a Keithly 220 programmable current source 
(SP4-40-85-TC-5). The effect of folding and creasing the electrode film was determined by 
measuring the resistivity before and after (a) folding the film, (b) applying a weight to give a 
pressure of ~0.4 atm (the folded film was held between plastic covering and a weight was applied) 
and (c) unfolding the film and measuring resistivity with the probes oriented perpendicular to and 
across the fold. The film thicknesses were measured in the same manner as for mechanical testing.  
Microscopy. Electron microscopy was performed using a scanning electron microscope 
(SEM, Zeiss Supra 40) and transmission electron microscope (TEM, FEI Tecnai) operated at 80 
keV. For TEM, cross-sections of the electrode were prepared by use of an ultramicrotome as 
discussed in an earlier work.48 
RESULTS 
Electrochemical testing 
The cycling performance of the free-standing SnO2/SP-Li and SnO2/CNT films was 
initially evaluated in a test through a series of C-rates from C/10 to 2C (Figure 3.1). Because of 
the tendency of Sn or SnO2 based anodes to fail as a consequence of the Fe2O3 matrix degrading 
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at more oxidizing potentials (leading to Sn agglomeration into electrically isolated nanoclusters49), 
the upper voltage cut-off (UVC) for discharge was originally selected to be 1.0 V vs Li/Li+, as 
recommended by Mohamedi et al.50 This voltage boundary is appreciably higher than the potential 
suggested by Courtney and Dahn as to prevent Sn aggregation, although still below their 
recommended limit of ~1.3 V, the boundary beyond which damage to the Fe2O3 matrix may 
occur.51  
For the SnO2/CNT electrodes, unstable cycling performance was observed when 
discharging to the 1.0 V UVC, with rapid capacity fade evident beginning during the 1C testing 
sequence (cycles 31-40) in Figure 3.1. For the SnO2/SP-Li electrodes, stable cycling performance 
was observed from C/10 to 2C rates, but with capacities lower than theoretical at even the low 
charge/discharge rate of C/20 (conditioning cycle) and C/10. The maximum observed capacity was 
near 600 mAh g-1, suggesting that discharge completed only to the SnLi phase (the theoretical 




Figure 3.1. C-rate test of free-standing SnO2/SP-Li electrodes (discharged to an upper voltage cut-
off, UVC, of either 1.0 or 1.25 V vs Li/Li+) or SnO2/CNT electrodes (discharged to an UVC of 1.0 
V). Prior to testing, a C/20 conditioning cycle was run. 
 
For these SnO2/SP-Li electrodes, the upper limit on discharge was then extended to 1.25 
V, 1.5 V and 2.0 V in an effort to achieve full discharge and capacities nearer to the theoretical 
value for SnO2 (782 mAh g
-1). With the UVC set at 2.0 V or at 1.5 V, we found unstable cycling 
performance, but improved capacities without sacrificing stability were observed with the UVC at 
1.25 V. As shown by the voltage profiles in Figure 3.2, with this extended voltage window the 
capacity of the film was increased by 23 %, 22 %, 24 %, 32 % and 46 % at rates of C/10, C/5, C/2, 
1C and 2C, respectively. By extending the UVC, the SnO2/SP-Li electrodes also showed higher 
first cycle coulombic efficiencies – 39.6 % vs 34.5 % - although efficiencies recorded during 




Figure 3.2.  (a) The first cycle voltage profile and voltage profiles for each of the stages of C-rate 
testing for the SnO2/SP-Li films, discharged to (b) 1.0 V vs Li/Li
+ or (d) 1.25 V vs Li/Li+ and for 
the SnO2/CNT films, discharged to 1.0 V vs Li/Li
+. 
 
The SnO2/SP-Li electrode cycled to the UVC of 1.25 V tested stably at a rate of 1C through 
100 cycles (Figure 3.3). The reversible capacity (rising to 450 mAh g-1) was lower than what was 
indicated by the C-rate tests, and this may be a consequence of the different testing conditions: a 
gradual increase in cycling rate vs a more abrupt polarization of the electrode arising from a larger 
increase in rate following the conditioning cycle. In this 1C test, SnO2/CNT electrode cycled 
unstably after about 20 cycles, with erratic efficiencies between ~95 % and ~105 %, similar in 




Figure 3.3.  1C testing of free-standing SnO2/SP-Li films (discharged to an upper voltage cut-off 
of 1.25 V vs Li/Li+) and SnO2/CNT films (discharged to an upper voltage cut-off of 1.0 V). Prior 
to testing, a C/20 conditioning cycle was run. 
In Figure 3.4, cycling performance is reported for a half cell in which several stacked 
SnO2/SP-Li films rather than one single film are used as the anode. This is done to increase the 
energy density per unit “footprint”, i.e., the areal capacity. For a selected active material particle, 
conventional slurry cast films may achieve higher areal capacities typically by increasing film 
thickness. However, with increasing thickness, the film becomes more resistive: there is a trade-
off between energy density and power density (S Figure 3.4 ESI†) as a consequence of the limiting 
diffusion rate of the ion in the anode53. Also, with increasing thickness the conventional film’s 
mechanical integrity decreases,54 a consequence particularly significant for films which will be 
tightly wound such as in a jellyroll configuration. In high speed commercial processing, the 





Figure 3.4.  Variable rate (C/12, C/4, C/6, C/12) testing of stacked anode, comprised of nine 
SnO2/SP-Li films stacked to provide higher areal capacity as a consequence of effective higher 
mass loading (4.2 mg SnO2 cm
-2). Prior to testing, a C/20 conditioning cycle was run. 
The thin, flexible electrodes tested here might be wound tightly to achieve higher areal 
capacities; however, as an alternative, an increased energy density may also be achieved by 
stacking several thin films which have no preferred orientation due to homogeneous mixing of the 
active materials, binder and conductive additive. The result is higher areal capacities achieved by 
higher mass loadings (4.2 mg SnO2 cm
-2) at the cost of lower specific power: stable cycling with 
2.6 mAh cm-2 capacity at 0.33 mA cm-2 (~C/12) rate, 0.9 mAh cm-2 capacity at 1.0 mA cm-2 (~C/4) 
rate, and slight capacity fade evident throughout a longer, 60-cycle test with 1.8 mAh cm-2 capacity 
at 0.67 mA cm-2 (~C/6) rate. When returned to a 0.33 mA cm-2 rate on its 101st cycle, the stacked 
anode retained 97 % of its maximum 0.33 mA cm-2 capacity observed during the initial 20 cycles 
of testing.  
The result of cycling at the current density of 1.0 mA cm-2 appears to have irreversibly 
damaged the electrode because after the 20th cycle the coulombic efficiencies were scattered, 
ranging from ~95 % to 105 %. These are evidence of local, transient changes in resistance to charge 
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or discharge which might be attributable to the film degrading; changes or breaks in film-to-film 
contact cycle to cycle could explain this result. 
 
Figure 3.5. 1C testing of single film of SnO2/SP-Li film in a flexed orientation: bent 180 degrees 
and compressed with binder clips.  Prior to testing, a C/20 conditioning cycle was run. 
To indicate the potential viability of the electrode when cycling in a severely flexed 
position, a single thin SnO2/SP-Li film was tested in a bent orientation (180 degree fold, this 
orientation fixed with plates bounding the outside of the pouch held with binder clips) for 40 cycles 
at 1C rate (Figure 3.5). The electrode cycled stably at 1C for 20 cycles before slight capacity fade 
was observed along with increasing fluctuations in the coulombic efficiency.  
Mechanical testing 
or a semi-quantitative evaluation of the robustness of the free-standing films, the 
mechanical properties of tensile strength and elongation at break were measured for uncycled 
SnO2/SP-Li and SnO2/CNT films (Figure 3.6) as described in the experimental section. By using 
CNT rather than SP-Li, graphitic particles which form percolating, chain-like networks held 
together by Van der Waals forces, the strength at break of the film increased from an average of 
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near 13 MPa to near 33 MPa (Figure 3.6). The strain at break for all samples, SnO2/CNT or 
SnO2/SP-Li type films, was near 1.7%. By incorporating a higher molecular weight CMC binder, 
we believe improvement might be made for both of these properties. However, as currently 
constituted, the SnO2/SP-Li film was found to be easy to handle and could tolerate 
folding/unfolding and flexing without noticeable damage. 
 
Figure 3.6.  (a) Results representative of average of mechanical testing of uncycled SnO2/SP-Li 
and SnO2/CNT films with (b) raw data shown for representative tests. (c) Several 2032 
assembled coin cells taped to edge of SnO2/SP-Li film.  
Electrical resistivity testing 
To evaluate the degree to which flexing and folding affected the integrity of the film’s 
electrically conductive network, uncycled films were measured using a four point probe before 
and after first folding the film, then applying pressure by placing a weight on top of the fold 
sandwiched between plastic and finally unfolding the film. This second, comparative measurement 
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was made in approximately the same location as the initial measurement and across (i.e. 
perpendicular to) the fold.  
As shown in Figure 3.7, there was surprisingly little difference before and after this folding 
procedure, with an increase in resistivity of 6 % and 4 % for the SnO2/SP-Li and SnO2/CNT films, 
respectively, these changes within the margin of error determined by the standard deviation of the 
electrode thickness measurements described in the experimental section.  
For context, we note that these resistivity measurements are on the same order of magnitude 
to the values reported by TIMCAL for LiCoO2, LiMn2O4 and LiNiO2 based electrodes slurry cast 
onto aluminum foil once the SP-Li concentration has passed the threshold for establishing an 
electrically percolating network56. 
Scanning electron microscopy (SEM) 
It is not atypical for a slurry cast film to partially delaminate from the current collector, and 
this is generally a consequence of a pool of extra slurry drying into thicker films. However, this 
sort of delaminated film will generally crack into small pieces and readily fall apart. In contrast, 
for these SnO2/SP-Li and SnO2/CNT free-standing films reported here, a very thin film is the result 
of the delamination which occurs upon air-drying. The typical SnO2/SP-Li (and SnO2/ CNT) films 
were found to have a mass loading near 0.5 mg cm-2 with a thickness of about 5 m (although 




Figure 3.7.  Electrical resistivity of SnO2/SP-Li and SnO2/CNT films established by four point 
probe measurements before and after (a) folding the film, (b) applying a weight to give a pressure 
of 0.4 atm – the folded film was held between plastic covering and a weight was applied – and (c) 
unfolding the film and measuring resistivity with the probes oriented perpendicular to and across 
the fold. 
As shown in Figure 3.8, the morphology of the SnO2/SP-Li film is noticeably smoother 
than that of the SnO2/CNT film within which the CNT appear to agglomerate in clumps, a feature 
that is apparent from SEM taken with a top-down perspective (S Figure 3.2, ESI†). From the cross-
sectional TEM (S Figure 3.5, ESI†), the nature of the film becomes more clear: the conductive 
additive – SP-Li or CNT – forms a thin boundary around the large particles. The SnO2/SP-Li films 
appear significantly more porous than the SnO2/CNT films, possibly explaining the poorer cycling 
performance for the SnO2/CNT films: more tortuous pathways for solvated Li
+ ion transport 
through the anode equates to higher resistance and larger overpotentials required for each stage of 
charge and discharge. Extrapolating from these images, we suggest i) the use of a surfactant in 
addition to using probe sonication might better disperse the CNT, thereby improving this 
electrode’s cycling performance and ii) that a mixture of CNT and SP-Li conductive additive in a 
film may enable better cycling performance. However, economic considerations may recommend 




Figure 3.8.  SEM images of the cross-sections of the SnO2/SP-Li (a) – (b) and SnO2/CNT (c) – (d) 
films at increasing magnification. The large bulges in the film are due to the microns-sized SnO2 
particles. 
SEM images were recorded of the stacked electrode (cycling data in Figure 3.4) after it 
completed its 101st cycle. After cycling, the (then wetted) stacked films had compressed into one 
thick electrode which was found to be partially broken, fragile and damaged easily upon handling. 
When viewed with SEM, the majority of the film was obscured by SEI (S Figure 3.6a, ESI†) but 
under SEM magnification the originally layered, individual films which comprised the stacked 




A simple and direct method is reported for making free-standing electrode films composed 
of commercially available materials: microns-sized SnO2 particles, CMC 90-kDa and Super-P Li 
conductive additive. An aqueous slurry of these materials can be cast onto a copper or other (Mylar, 
recommended) substrate and upon air-drying the film delaminates into large free-standing regions. 
The resulting SnO2/SP-Li film is thin (~0.5mg cm
-2 
thickness) with high energy density owing to the selection of high tap density (2.5 g cm-3) active 
material. Before assembling into a coin cell, the film was found to be easy to handle and could be 
easily flexed as well as folded/unfolded. The mechanical properties of strength and strain at break 
of the uncycled film were measured to be 13 MPa and 1.7 %. With a four point probe, the electrical 
resistivity of an uncycled SnO2/SP-Li film was 0.6 Ω-cm and this marginally increased (~6 %) 
after first folding the film, then creasing by applying ~0.4 atm pressure and finally unfolding. 
 In a 2032 coin cell, single, free-standing SnO2/SP-Li films tested as the negative electrode 
vs lithium foil showed good stability and capacity retention of 74 % of theoretical capacity when 
tested at a 1C rate. By stacking several SnO2/SP-Li films, the areal capacity of the anode could be 
increased and stable cycling was observed through 100 cycles: 2.6 mAh cm-2 capacity recorded at 
0.33 mA cm-2 current density (~C/12); 0.9 mAh cm-2 at 1.0 mA cm-2 (~C/4) and 1.8 mAh cm-2 at 
0.67 mA cm-2 (~C/6). To indicate the potential viability of the film when tested in a flexed 
orientation, cycle testing was conducted in a homemade pouch cell with the electrode folded 180 
degrees. At 1C rate, the electrode cycled stably for 20 cycles before slight capacity fade was 
observed.  
For free-standing or flexible electrodes, 1D or 2D carbons such as carbon nanotubes (CNT) 
or graphene are typically used to provide a bendable scaffolding which is both mechanically strong 
and electrically conductive. Here, CNT were substituted for the SP-Li conductive particles and 
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similar free-standing films were made and compared. With CNT, the electrode strength at break 
as well as the electronic conductivity increased but, despite this, the cycling performance of the 
electrodes made with the low-cost SP-Li carbon exceeds that of the electrodes made with orders-
of-magnitude more expensive 1D carbon. 
This free-standing SnO2/SP-Li electrode film is noted for its simplicity of fabrication; 
flexibility; use of inexpensive Super-P Li conductive particles rather than more expensive 1D or 
2D conductive carbons; use of a commonly available binder (carboxymethyl cellulose–90kDa); 
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S Figure 3.1. SEM of SnO2 particles (a) and (b). Cross-section TEM of particles in pristine 
film showing that the micron sized particle is the result of the sintering of nanoscale 
particles (c) and (d). 
 
 
S Figure 3.2. SEM images at two levels of magnification showing uncycled electrodes in 
top down orientation featuring the surface of flexible electrode made using SP-Li 






S Figure 3.3. TEM image of cross-section created by embedding electrode in resin and 
using an ultramicrotome to cut thin sections. This flexible electrode was created using low 






S Figure 3.4. C-rate test for electrode made with high tap density SnO2 and SP-Li showing 
the effect of mass loading. The increase in mass loading results in higher resistance and 
lower capacities at faster rates. 
 
 
S Figure 3.5. TEM, cross-sections of uncycled electrode films made with high tap density 





S Figure 3.6. SEM images of cycled stacked anode (made with nine stacked SP-Li films) 
in the discharged state after 101 cycles at variable rates (see Figure 3.4). The SEI coats the 
film surface. In (a) three films are visible at different heights and (b) is zoomed in on the 
edge of one of the films. 
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Chapter 4: Li- and Na-reduction products of meso-Co3O4 form 
high-rate, stably cycling battery anode materials3 
INTRODUCTION 
To charge to higher capacities at faster rates in lithium ion batteries, energy storage 
by a means other than intercalation into graphite is required. Graphite, the commonly used 
anode active material with a low practical capacity of near 360 mAh g-1, charges at low 
potentials vs Li/Li+ and so requires a relatively slow constant current, constant voltage 
charge method in order to avoid the hazard of electroplating of lithium and dendrite 
formation.  
Potential rapidly charged anode materials being considered for rechargeable 
batteries include Li-reduced transition metal oxides that result in the formation of mixtures 
of transition metal, transition metal oxide and Li2O. These anode materials charge to higher 
capacities at higher potentials vs the Li/Li+ redox couple, resulting in a more safe charge at 
faster rates but with necessarily lower energy as a consequence of full discharge usually 
being achieved only by extending the discharge up to 3.0 V. Examples of such transition 
metal oxide anode materials include nanoparticles of Ni formed by Li-reduction of NiO1, 
of Fe and FeO formed by Li-reduction of Fe2O3
2 and of Co and CoO by Li-reduction formed 
of Co3O4. Because of its theoretical capacity of 890 mAh g
-1 (although with a relatively 
high discharge potential of near 2 V vs Li/Li+), cobalt oxide has been pursued as an anode 
material and tested in a variety of morphologies – nanowire3,4, nanorod5,6, nanocage7,8,9, 
leaf-like10, meso-porous11,12,13, platelet14, hollow sphere15, carbon-composite16,17,18, 
                                                     
3 The content in this chapter has been copied (with minor edits) from its original publication in the Journal of 
Materials Chemistry A in 2014. 
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micro/nano composite19 – and  high capacity retention at high rates has been obtained 10,12, 
13,15,16. For this material in any of these forms tested, the onset of capacity fade at higher 
rates or during the course of cycling is commonly attributed to particle agglomeration 
leading to cobalt segregation into electrically isolated nanoscale domains, electrode crack 
formation and delamination from the current collector and/or SEI growth leading to 
increasing overpotentials.  
From consideration of Co3O4 in nanowire and meso-porous morphologies, Bruce 
and coworkers20 suggested that higher and more stable capacities for a cobalt oxide-based 
anode could be realized if a meso-porous particle could be found which retained its structure 
upon Li-reduction, avoiding Co aggregation and providing for reversible, fast Li-ion 
transport through the pores. In their study, the originally meso-porous Co3O4 was reduced 
to meso-porous CoO in the first cycle, but after 50 cycles the meso-porous structure was 
lost and significant capacity fade was observed. Recently, Xiao et al.13 studied a low surface 
area (27 m2 g-1) meso-porous Co3O4 reporting good rate capability and a very high 1600 
mAh g-1 capacity which was retained after 100 cycles (at 100 mA g-1). Also recently, Li et 
al.11 reported full capacity retention (600 mAh g-1) through 500 cycles at a rate of 500 mA 
g-1 with a meso-porous Co3O4 based anode, although their composite electrode required 
nearly an equal mass of graphene, a high content of a material with a cost 3-4 orders of 
magnitude higher than the commercially used carbon black conductive additive. 
Here we report stable, high rate capacity cycling results of high surface area (367 
m2 g-1) meso-porous Co3O4 for Li and for Na ion half cells. The cycling performance is 
primarily attributed to the individual particles retaining their meso-porous structure upon 
repeated charging/discharging, as established by high-resolution transmission electron 
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micrography (TEM). With powder X-ray diffraction and selected area electron diffraction 
(SAED), we show that the cycled meso-porous particle lacks long range order but reverts 
upon discharge at highly oxidizing potentials to an inhomogeneous mixture of CoO and 
Co3O4. 
Upon discovering the stable morphology of the active material particle in the 
electrodes, we attempted to improve the performance of the electrode by testing of 
alternative electrolyte formulations, as has been done for other lithium-ion battery anode 
materials.21,22,23 Here, fluoroethylene carbonate (FEC) and chloroethylene carbonate (Cl-
EC) as electrolyte co-solvents or additives allowed for higher capacity retention at high 
charge/discharge rates, increased coulombic efficiencies (CE), further improved cycling 
stability and decreased risk of internal shorting from dendrite formation. FEC was added 
because numerous reports have shown that it improves the calendar life and cycling 
performance of both Li- and Na-ion anodes, while Cl-EC was added because of its reported 
beneficial effect on improving coulombic efficiency24, a metric for which some otherwise 
high-performing cobalt oxide-based anodes have performed poorly10,15. Employing FEC or 
Cl-EC, we survey alternative formulations to the conventional ethylene carbonate (EC) 
based electrolyte for cobalt oxide based electrodes. The advantages of the halogen-
containing electrolytes over the conventional EC-based electrolyte include: (1) inhibited or 
eliminated cycling irregularities typical of long-term behaviour of electrodes tested with 
EC:DEC and (2) the lesser resistance to ion transport of the solid electrolyte interphases 
(SEIs) they form, as seen in the AC impedance spectra and X-ray photoelectron spectra  




Materials. Synthesis of the meso-porous Co3O4 and the quality control evaluation 
done to verify its morphology, surface area and phase was performed as described 
elsewhere by Dahal et al.25  
Electrochemical testing. An aqueous slurry of meso-porous Co3O4 (60 wt %), 90 
kDa carboxymethyl cellulose (Sigma, 20 wt %) binder, and Super P Li conductive carbon 
(Timcal, 20 wt %) was slurry cast onto copper foil (MTI, 10 m) and dried in a vacuum 
oven at 120 °C for at least 6 h. This film formed the working electrodes of CR 2032 coin-
type cells and each electrode had a Co3O4 mass loading of 0.6-0.8 mg cm
-2. Scanning 
electron micrographs (SEM) of a typical electrode (uncycled), showing cross-section and 
distribution of active material and Super-P Li conductive additive are shown in Fig. 
S5..4.1a-b, ESI†. 
The half cells were assembled in an argon-filled glovebox (O2 less than 0.1 ppm, 
H2O < 3.6 ppm) with Li foil (Alfa) or Na foil (Sigma) as the counter and reference electrode 
and Celgard 2400 polypropylene membrane as the separator. Additional testing performed 
on electrodes of composition 80:10:10 weight ratio had mass loadings of 0.9-1.0 mg cm-2 
of active material. The electrolyte materials, ethylene carbonate (EC, Sigma), anhydrous 
diethyl carbonate (DEC, Sigma), chloroethylene carbonate (Cl-EC, TCI), fluoroethylene 
carbonate (FEC, Solvay Fluor) and LiPF6 (BASF) were used as received. Electrolytes were 
preserved against moisture contamination by the addition of molecular sieves to the storage 
vials. 
Electrochemical measurements were performed on an Arbin BT 2043 or BT 2143 
multichannel battery testing system. Charge (ion-insertion into the anode) and discharge 
(ion-extraction) were performed between 0.01 and 3 V vs the Li/Li+ or Na/Na+ redox couple 
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with the theoretical capacity defined as 890 mAh g-1 (1C = 0.89 A/g). For each cell, a 
conditioning cycle at C/20 was done prior to testing. 
AC impedance spectra were obtained from cells cycled at a conditioning C/20 rate 
followed by 10 cycles at a C/10 rate. On the tenth cycle at a C/10 rate, the cell was evaluated 
at two conditions: 1) after being charged at constant current (C/10) and held at constant 
voltage (100 mV, a voltage selected in order to avoid electroplating lithium) until the 
current dropped to below C/20 and 2) after being discharged to 3 V and then allowed to 
come to thermodynamic equilibrium after resting for greater than 12 h. The spectra were 
analysed in ZView (Scribner Associates)26 and a best fit was made for the entire range of 
collected data (100k to 0.01 Hz, 5 mV perturbations). 
Microscopy. Low-resolution transmission electron microscopy (LR-TEM) was 
performed for each of the electrode/electrolyte combinations using a FEI Tecnai Spirit 
BioTwin TEM operated at 80 kV to evaluate the condition of the meso-porous particle in 
its native electrode environment after preparation using an ultramicrotome sectioning 
procedure (as described elsewhere).27 Select, additional imaging of these sectioned 
electrodes was done on a field emission JEOL 2010F TEM operated at 200 kV for higher 
resolution micrographs. Selected area electron diffraction (SAED) patterns were obtained 
from particles drop cast onto lacey carbon grids (SPI).  
X-ray photoelectron spectroscopy (XPS). XPS measurements were conducted on 
electrodes that had been cycled to a fully discharged state, after ten cycles at a C/10 rate 
initiated by a C/20 conditioning cycle. This number of cycles was selected to allow for 
analysis of a fully formed SEI (the SEI primarily develops during the first 2-3 cycles as 
indicated by the CE) but to avoid micron-scale dendritic growths which were observed to 
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develop after many cycles. The cells were opened in the glovebox using plastic pliers (I-V 
Products) and the electrodes were placed into vials filled with DEC in order to wash off the 
residual LiPF6 salt. The electrodes were transferred from the glovebox to the XPS analysis 
instrument (Kratos Axis Ultra) without exposure to air using a home-built delivery vessel 
(described elsewhere).28  
The SEI surfaces were characterized utilizing a monochromatic Al K X-ray source 
(h = 1486.5 eV) with and without the use of a charge neutralizer. The use of a charge 
neutralizer did not appreciably alter the shape and intensity of the spectra and the spectra 
collected without charge neutralization are therefore reported. The peak assignments of the 
XPS spectra collected for the Li-ion electrodes were calibrated to the C 1s sp3 peak at 284.5 
eV and checked by considering the resulting alignment of the F 1s LiF peak at 684.6 eV 
and P 2p P-O/P=O and P-F peaks at 134 eV and 136 eV, respectively.29 The peak 
assignments for the Na-ion electrodes were similarly calibrated to the C 1s sp3 peak at 284.5 
eV and references for the Li-ion and Na-ion peak assignments are tabulated in S-Tables 
4.1a-b, ESI†. 
RESULTS AND DISCUSSION 
The meso-porous particle 
In this study we targeted a high surface area meso-porous mixed Co(II)-Co(III) oxide 
in an effort to improve the capacity retention of a cobalt oxide based lithium or sodium ion 
anode operated at high rates. As reported in the description of its synthesis,25 this meso-
porous structure exhibits a very high N2 BET surface area of ca. 367 m
2 g-1. The material 
was prepared via a soft template synthesis using sacrificial surfactant templates to obtain 
SBA-15-like Co3O4; the material features meso-channels aligned parallel to the long axis 
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of the particle with regular, cylindrical-shaped pores with an average diameter measured to 
be 10.0 nm and wall thickness of 8.3 nm. This structure is suited to accommodate the 
volumetric change associated with charge and discharge as well as to enhance ion access 
to the active material by shortening diffusion lengths and by providing channels for more 
rapid liquid-phase ion transport into the bulk of the particle.  
 
Fig. 4.1   TEM of ultramicrotomed cross-sections of electrodes in the discharged state after 
250 cycles at 1C (a) showing the retention of the meso-porous channels in a few particles aligned 
parallel to the viewing plane and (b) indicating meso-porous particles and Super-P Li conductive 





Fig. 4.2   Cycling test at 1C rate for 500 cycles following C/20 conditioning cycle in half 
cell of meso-porous Co3O4 based electrodes vs Li-foil with 1M LiPF6 in EC:DEC, 5% FEC in 
EC:DEC, FEC:DEC, 5% Cl-EC in EC:DEC or Cl-EC:DEC electrolyte formulations. 
The meso-porous particles studied here are promising for use in Li- or Na-ion 
batteries because their structure is preserved through many charge/discharge cycles despite 
the effects of energy storage via a conversion reaction. By means of XRD30,31 and XPS31 
characterization, the conversion reaction has been shown to proceed by initially charging 
the mixed Co(II)-Co(III) oxide to LixCo3O4, then to CoO + Li2O and finally to Co + Li2O,
30 
before discharging to give CoO.20 However, the electrochemical charge after the CoO phase 
is reached occurs through amorphous phases (or through crystalline phases with only short-
range order), limiting the extent to which these phase transitions can be currently described 
or, importantly, compared for cobalt oxide materials with varying morphologies. Currently, 
there exists no XRD data describing the subsequent discharge phase transitions except at a 
state of full discharge. This is significant, for after many cycles, the conventional 
explanation for capacity fade is that the Co formed during charging becomes segregated 
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into electrically isolated nanoclusters, as shown using TEM and SAED by Bruce’s group 
in their study of meso-porous and nanowire-cluster cobalt oxide particles.20 However, Kang 
et al.31 found that through 100 cycles at a 1C rate, their Co3O4 based electrode cycled stably 
and that the particle discharged to a polycrystalline Co3O4 phase. By evaluating these 
contrasting reports, a possible indicator of the degree of cycling stability for a particular 
cobalt oxide morphology was considered be the condition of the morphology as well as the 
phase of the active material at full discharge.  
 
Fig. 4.3   Cycling test at C-rates from 0.1-10 through 800 cycles in half cell of meso-porous 
Co3O4 based electrodes vs Li-foil with 1M LiPF6 in EC:DEC, 5% FEC in EC:DEC, FEC:DEC, 
5% Cl-EC in EC:DEC or Cl-EC:DEC electrolyte formulations. Test results shown in (a) are 
continued in (b). 
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In our study we initially obtained TEM images of the ultramicrotomed cross-section 
of cycled electrodes (Fig 1, electrode tested in 5% FEC in EC:DEC electrolyte formulation) 
which surprisingly showed that the original meso-porous channels remained intact despite 
prolonged cycling (250 cycles testing at a 1C rate, Fig. S.4.2, ESI†). TEM of similarly 
cycled electrodes in the other electrolyte formulations are shown in Fig. S.4.3a-d, ESI†, 
and for each electrode/electrolyte combination tested, we find that the particles studied here 
retain their original meso-porous, channeled morphology. 
 
 
Fig. 4.4   Cycling test at 5C for 80% meso-porous Co3O4 (1.0 mg/cm
2
 loading) / 10% Super-
P Li / 10% CMC90kDa electrode in 1M LiPF6 in 5% FEC in EC:DEC electrolyte.  
 
The preservation of the meso-porous morphology correlates with the reversible 
electrochemical cycling observed, and XRD was performed ex-situ to characterize the 
phase transitions responsible for stable cycling behavior. Surprisingly, at a full state of 
discharge after 10 cycles, no diffraction peaks were detected even with lengthy dwell times 
when performing characterization of the film upon the copper current collector or from a 
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powder sample removed from the tested film (done so as to avoid interfering signal from 
the copper substrate). When long-range order was found absent in the discharged meso-
porous material (XRD pattern shown in Fig. S.4.4, ESI†), we endeavored to characterize 
the short-range structure by performing SAED. It was observed that upon discharge the 
meso-porous structure reverts to a generally amorphous material (Fig. S.4.5a-b, ESI) 
containing some CoO and Co3O4 nanocrystals. In Fig. S.4.5c-d, ESI, we find evidence for 
the existence of CoO which in this particular particle presents a nanocrystalline diffraction 
pattern with six-fold symmetry as observed due to its orientation along the <1 -1 1> zone 
axis.32 However, after extensive searching, SAED showing the Co3O4 nanocrystalline 
phase was found to exist in other particles (Fig. S.4.5e-f, ESI†).  
Upon finding that the discharged condition of the meso-porous particle could not be 
identified as a homogenous phase, we attempted to characterize the full extent of the phase 
transitions undergone throughout the charge/discharge process and for this constructed an 
in-situ coin cell similar to that reported by Rhodes et al.33 The cell design described by 
Rhodes et al. was modified here in order to minimize x-ray attenuation through the copper-
coated polyethylene terephthalate (PET, commercially known as Mylar) window. By 
considering the relative intensity of signal derived from comparable electrode films made 
using the meso-porous particles and using commercial nanopowder (Sigma, less than 50 
nm), we found that the uncycled meso-porous particles were weakly crystalline. 
Accordingly, the x-ray permeable window was here constructed using a thinner PET disk 
(50 m vs 125 m) and the thermally evaporated copper coating was reduced from 600 nm 
to 200 nm thickness. 
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In-situ characterization of the meso-porous electrode was performed during its first 
cycle of charging via linear voltammetry at 0.05 mV/s. However, the negligible signal 
obtained during this characterization precluded identification of the phase transitions for 
the meso-porous particle based electrode. In contrast, from the in-situ spectra recorded from 
characterization of the more strongly crystalline nanopowder based electrode (Fig. S.4.6, 
ESI†), we observed a similar result to that of the findings of Larcher et al., showing that 
the cobalt oxide based electrode transitions through the CoO phase during initial charge 
and that subsequent electrochemical reactions proceed through amorphous phase 
transitions.  
Li-ion cycling stability 
The result of the retention of bulk meso-porous morphology of the active material is 
relatively stable cycling behavior with each five of the electrolyte formulations tested (Fig. 
4.2). To minimize the coulombic inefficiencies leading to SEI build-up and comparatively 
poor capacity retention at high rates – common consequences27,34,35 of pairing a 
conventional EC-based electrolyte with a non-graphite based anode – cycling tests were 
designed to probe the effect of pairing the meso-porous Co3O4-based electrode with 
electrolytes formulated with FEC or Cl-EC as additives or as co-solvent substitutes for EC.  
In this study, the cycling tests performed on meso-porous Co3O4-based electrodes 
were designed to indicate the most advantageous electrolyte by comparative assessment of 
the metrics of stability, initial coulombic efficiency and coulombic efficiency over long 




Although not commonly reported, the value of a prolonged stability test like that 
presented in Fig. 4.2 is that long-term stability trends which might not be easily recognized 
from short-term tests may be identified. While at least three electrodes were tested for each 
cycling test, we found that after the first hundred cycles of testing there were only certain 
combinations of electrode/electrolyte for which consistent performance was observed. For 
example, the electrodes tested in the FEC:DEC or 5% FEC in EC:DEC electrolyte 
formulations performed consistently, but deviations were observed in the performance of 
the electrodes tested in the other formulations. In the case of those electrodes tested in 
EC:DEC, these deviations may be ascribed the electroplating of lithium which is believed 
to unpredictably significantly impact cell cycling at some point after about the first couple 
hundred cycles. More on this point is discussed below.  
 
In the case of the electrodes tested using Cl-EC as an additive, the onset of capacity 
fade is also variable. When using Cl-EC as a co-solvent, we observed that the cycling 
deviations arise in unpredictable cell failure, in which the capacity suddenly drops over the 
span of a several cycles, a symptom possibly due to a sudden rise in resistance to ion 
transport through what was found by AC impedance spectroscopy to be a high-impedance 
SEI. When only the first hundred cycles of testing were considered, these inconsistencies 
are obscured, preventing such analysis despite providing a more repeatable (albeit 
truncated) dataset.  
We believe that data collected in a long-term cycling test, while containing 
deviations (some of which we do not understand) is important to report, particularly 
because the existence of inconsistencies in the testing of certain formulations of electrolyte 
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is powerful evidence indicating their ineffectiveness. Further, as will be discussed for the 
electrodes tested in EC:DEC, these inconsistencies can sometimes be attributed to 
electroplating of lithium, a serious safety hazard and one which does not necessarily present 
except during prolonged testing.   
To illustrate the difference in perspective which would result from consideration of 
a shortened, 100-cycle test vs the 500-cycle dataset reported here, we observe that in the 
1C test runs shown in Fig. 4.2, the maximum 1C capacity is found at near the 100th cycle 
for each of the 5 electrode/electrolyte combinations tested except for that with the 
FEC:DEC electrolyte. Upon extended testing at 1C through 500 cycles, the effects of the 
alternative electrolyte formulations are clearly observed. Through 325 cycles, the most 
stable cycling electrode was tested with the Cl-EC:DEC electrolyte: before its capacity 
unexpectedly fell to c. 350 mAh g-1 through a transition of several cycles, the capacity 
retention at 325 cycles was 98% of its maximum 1C capacity (and 94% of the C/20 
conditioning cycle capacity). When tested at lower mass loadings (near 0.4 mg cm-2), this 
electrode was found to perform stably through 500 cycles (Fig. S.4.7, ESI†), this 
attributable to the lower resistance through a thinner electrode. The FEC:DEC formulation 
best promoted stable cycling with capacity retention of 92% of its maximum 1C capacity 
(and 85% of the C/20 conditioning cycle capacity) with the highest average CE of 99.6%. 
These higher long-term efficiencies coincided with marginally lower initial, first cycle CE 
(for the conditioning cycle run at C/20) for which the EC:DEC and 5% FEC formulations 
led to the lowest irreversible losses (CE near 68%). The FEC:DEC and 5% Cl-EC 
formulations had first cycle CE’s of about 65% and the highest irreversible losses were 
found when using the Cl-EC:DEC formulation: a first cycle CE of as low as 50%.  
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When Cl-EC was used as an additive, the cycling performance was comparatively 
improved, with reasonable capacity retention although lower CE (performance statistics 
provided in Table S4.2 ESI†). However, it was observed that the capacity fade onset for 
the electrode tested with this Cl-EC used as an additive could vary significantly, 
commencing after as soon as c. 150 cycles or delayed until after c. 300 cycles.  
When testing with EC:DEC, it was found that the long-term electrode performance 
would eventually result in erratic performance (sometimes as early as after several cycles, 
but typically after a few hundred cycles), which we attribute to the electroplating of lithium 
(we believe as a consequence of buildup of the EC-derived SEI which impedes ion transport 
into the electrode active material) that is followed by abrupt rises in cell resistance (selected 
snap-shots of the voltage profiles for this are shown in Fig. S.4.8a ESI† along with other 
cycling tests showing erratic cycling behavior in Fig. S.4.8b-c ESI†).36  
By analysis of the differential capacity profiles of the electrode tested in EC:DEC 
through this 500 cycle test, it can be shown that the stable cycling observed prior to the ca. 
270th cycle  correlates with a consistently repeated voltage profile during charge (Fig. 
S.4.9a-b ESI†). After the ca. 270th cycle, the capacity increases and this unusual behavior 
is accompanied by unstable capacities and coulombic efficiencies, recorded most obviously 
between cycles 300-450. By studying the voltage profiles (Fig. S.4.9c-d ESI†), this added 
capacity is found to derive from charge accomplished at very low voltages, plausibly the 
result of localized lithium plating on the surface of the anode. This finding is consistent 
with the increasingly noisy differential capacity profiles in the low voltage domains after 
the ca. 270th cycle: rather than a consistently decreasing cell potential difference which is 
typical of even charging, the cell after the ca. 270th cycle appears to charge unsteadily, 
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accomplishing a unit of charge with small, then large, then small changes in voltage. This 
behavior could be associated with localized lithium electroplating and dendrite growths 
arising from an increased tendency for ion accumulation on rather than transport through 
the higher impedance EC-derived SEI (further discussed in the section on AC impedance). 
For example, the drop observed in the voltage profile in the 400th cycle (Fig. S.4.9c-d ESI†) 
is indicative of how wide-spread electroplating of lithium could lead to a cell in which the 
voltage abnormally quickly drops to a near-zero potential difference vs the lithium foil 
counter electrode. 
Li-ion cycling at variable C-rates 
Because the discharge voltage curve of cobalt oxide-based anodes results in (a) a 
high average discharge potential near 2 V and (b) voltage discharge over a continuum of 
potentials rather than at one or two voltage plateaus, we believe that the most likely 
application of a developed anode technology made from this material would likely not be 
for electric vehicles but for low-voltage portable electronics similar to the target market of 
Sony’s Nexelion battery.37  
The Nexelion anode uses a Sn/Co alloy particle which, like cobalt oxide anode 
materials, delivers its discharge continuously throughout a range of nearly 2 V rather than 
on one or multiple narrowly defined voltage plateaus like graphite, silicon or tin based 
anodes.37 The higher capacity and longer cycle lifetime of the Nexelion anode as well as its 
performance at variable high C-rates are important advantages: besides addressing the need 
to provide greater capacity than the graphite type anode, alternative anode materials such 
as the Nexelion anode (that discharge through a range of potentials) might be attractive 
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alternatives to graphite for use in low voltage electronics if these are able to charge at rapid 
rates.  
In Fig. 4.3a-b, the capacity retention of the meso-porous Co3O4 electrode is shown 
at variable high rates up to 10C. The best performance was observed when using the 5% 
FEC in EC:DEC electrolyte: the electrode retained 100% of its conditioning cycle capacity 
after completing a 20 cycle series at 1C and 77% capacity retention after a series of 20 
cycles at 5C. Eventually, after several cycles at 1C followed by a longer test of an additional 
200 cycles at 5C, this capacity faded to 68% retention. After testing through 200 cycles at 
10C rate and a third series of 200 cycles at 5C, the electrode performance stabilized with 
60% retention. Then, upon returning to a 1C rate, the capacity recovered, recovering to a 
slightly higher (115% retention) capacity compared to the conditioning cycle capacity after 
a 100 cycle series (800 cycles total testing). 
The results for using alternative electrolyte formulations for cobalt oxide-based 
anodes (statistics in Table S4.2a,b ESI†) can be evaluated in part by comparison to the 
results for the electrode cycled in the conventional EC:DEC which retained only 57% of its 
capacity after the first series (20 cycles) of testing at 5C. Typically, C-rate testing is 
conducted with intervals of 10 cycles at variable, progressively higher rates, concluding 
before 100 cycles of total testing. Here, the differences in electrode performance when 
tested with alternative electrolyte formulations become most notable only after the first 
hundred cycles. In the EC:DEC formulation, the electrode capacity exhibits significant fade 
when tested at a 5C rate for 200 cycles, from cycle numbers 120-319: at the end of this 
prolonged testing, the capacity retention is only 32% (vs the 68% retention for the electrode 
tested in the formulation employing FEC as additive). This retention may be attributed to 
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the effect of the electrolyte, because we observed that after the testing reverted to a 1C rate 
after 720 cycles, the initial capacity was retained (106% retention), indicating that (a) that 
the electrode remained laminated to the current collector and (b) that the initial population 
of active material was still accessible for charge/discharge.  
The comparative improvements made when using FEC:DEC, which retained 70% 
of its capacity after the 20 cycle 5C series and still 62% after the subsequent, extended 200 
cycle series, were impressive gains compared to the results obtained when using EC:DEC. 
However, the actual capacity retention in FEC:DEC at high rates was consistently low when 
compared to the results when using FEC as an additive (e.g., after the first 20 cycle initial 
5C series, the capacity for the electrode in 5% FEC in EC:DEC was 631 mAh g-1 vs 490 
mAh g-1 with FEC:DEC). The cycling results in terms of capacity retention and stability 
when using Cl-EC as an additive or co-solvent were comparatively poor, suggesting that 
this formulation results in a high-impedance ion transport barrier which restricts application 
to moderate rates of near 1C or lower for this electrode. When using Cl-EC as co-solvent, 
we believe that this high-impedance SEI is responsible for the unpredictable cell failures 
during long-term testing: after the impedance to ion transport increases beyond a certain 
limit, regions of the electrode may become inaccessible for future charging/discharging as 
the ions accumulate on or within the interphase rather than permeating through. 
After these tests, the 5% FEC in EC:DEC electrolyte was selected for evaluation in 
a long-term, variable high C-rate test with an electrode made with higher active material 
composition (80% Co3O4 / 10% Super-P Li / 10% CMC) on an electrode of higher mass 
loading (1 mg cm-2) in an effort to better assess the viability of the particle for use in a 
future anode. Similar to what was observed when using the lower content active material 
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electrode (60% weight Co3O4), the high rate performance at 5C was relatively stable: after 
200 cycles at 5C, the capacity retention was 525 mAh g-1, 95% of the maximum 5C capacity 
and 59% of the theoretical 890 mAh/g (Fig. 4.4).  
 
Through an additional 300 cycles at 5C (Fig. S.4.10a ESI†), the capacity declined 
to 334 mAh g-1, 60% of its 5C maximum value. After cycling stably with low capacity 
(~130 mAh/g) at 10C, the electrode tested at 5C for an additional 500 cycles and its capacity 
declined slightly to 273 mAh g-1, 50% of its 5C maximum. Then, upon returning to 1C rate, 
the electrode capacity recovered, cycling stably for 100 cycles to 962 mAh g-1, 111% of its 
conditioning cycle capacity.  
From this result, we attribute the gradual decline in capacity experienced during the 
1,000 cycles of 5C testing to a rate limiting step during the ion transport. Despite this 
electrode being composed of 50% less conductive additive and binder, these cycling results 
– particularly the recovery of capacity after reverting to 1C rate after 1500 cycles – indicate 
the electrode performance did not suffer due to issues pertaining to electrode electrical 
conductivity or film delamination. Because of evidence indicating that these particles 
retained their morphology and because of the stable capacities observed during the first 
couple hundred cycles of this test, we believe that persistent irreversible reactions leading 
to an increasing thickness of SEI is responsible for the capacity decline observed. Indeed, 
the primary deficiency of the 5% FEC in EC:DEC formulation when compared to the next 
best alternative, FEC:DEC, is that the CE are lower, by an average of 0.5% during the 500 
cycles of 1C testing.  
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In an effort to avoid increasing SEI growth and irreversible losses of Li ions, we 
experimented with a lower voltage cut-off potential, originally set at 10 mV. In the literature 
reporting on cobalt oxide-based anodes, the lower voltage cut-off potential is set at 5 or 10 
mV in order to maximize charge capacity, particularly at high rates when kinetic limitations 
manifest. However, this choice of lower voltage cut-off does not reconcile with the 
selection of cobalt oxide as a safer alternative to graphite for an anode active material: 
besides its higher capacity, cobalt oxide, like other transition metal oxide materials, is a 
possible candidate for replacing the graphite electrode because it may allow for safer 
charging, without the hazard of electroplating and dendrite growth. The primary charging 
reactions (the reader is referred to detailed discussion of differential capacity profiles in 
ESI†) occur near 1.5 and 1.0 V (at 1C rate), which is far above the Li/Li+ redox potential. 
In theory, a higher potential for the lower voltage cut-off when cycling cobalt oxide based 
anodes would allow for both complete charging of the active material (although perhaps 
not of the polymeric gel-like layer) and elimination of the hazard of electroplating and 
dendritic growths which contribute to irreversible losses and increasing SEI growth. This 
hypothesis was examined after the 1,500 variable high C-rate test when the cell returned to 
1C rate testing. In (Fig. S.4.10b ESI†) we observe that the average CE for this electrode 
cycled to 10 mV (cycles 1501-1600) at 1C was 98.35%, but when the lower voltage cut-off 
was raised to 100 mV, the average CE increased to 99.22% (cycles 1601-1650).  
The decrease in side reactions was accompanied by diminished capacity, from an 
average of 932 mAh g-1 to 826 mAh g-1. By adjusting the lower voltage cut-off potential, 
capacity decreased (by 106 mAh g-1) but, significantly, irreversible losses were decreased 
by 60%, from 15.4 to 6.4 mAh g-1. Adjustment of the lower voltage cut-off to 150 mV 
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resulted in further attenuation of capacity to an average of 754 mAh g-1 and of irreversible 
losses to 4.2 mAh g-1 (corresponding to an average CE of 99.45%).  
AC impedance spectroscopy 
AC impedance spectroscopy was used to characterize the influence of the FEC or 
Cl-EC electrolyte formulations compared to a standard EC-based electrolyte on the 
impedance of Li-ion transport. The differences in cycling performance recorded when using 
the five electrolyte formulations can be analyzed in semi-quantitative terms by comparing 
their effect on the common steps of ion transport: bulk ion transport in the electrolyte, ion 
de-solvation (charge transfer), transport through the SEI and diffusion in the active 
material. The AC impedance spectra were collected at states of full charge (Fig. 4.5a) and 
discharge (Fig. 4.5b) after ten slow cycles at C/10 so that the effect of a fully developed 
SEI would be characterized, and the data was fitted to an equivalent circuit (Fig. S.4.11a 





Fig. 4.5   AC impedance spectroscopy on meso-porous based Co3O4 electrodes at the fully 
charged and discharged state in the 10th cycle of C/10 testing in half cells with EC:DEC, 5% FEC 
in EC:DEC, FEC:DEC, 5% Cl-EC in EC:DEC or Cl-EC:DEC electrolyte solvent formulations. 
The use of FEC or Cl-EC as additives or co-solvents was shown to have a significant 
effect on the activation energy required for de-solvation of the ion, the resistance to 
transport through the SEI and, surprisingly, also upon diffusion in the active material. The 
use of FEC or Cl-EC as electrolyte additives was expected to modify the SEI and the rate 
of ion transport through the interphase because these carbonates reduce more easily than 
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EC: the energy of the lowest unoccupied molecular orbital (LUMO) for EC is 0.81 eV, 
compared to 0.37 eV for FEC and –0.43 eV for Cl-EC.39  When FEC or Cl-EC was 
substituted for EC and used as a co-solvent, it was expected that there would also be a 
decrease in the resistance to charge transfer during de-solvation of the ion due to the lower 
binding energy of these carbonates to Li+ in its solvation sheath.39  
What we found from the AC impedance testing supported the results of our cycling 
tests, providing semi-quantitative analysis showing how the Li-ion transport is improved 
or impeded by the different electrolyte formulations. A comparison of the resistance to four 
transport steps for the electrode at full state of charge is shown in Fig. S.4.11b ESI† (listed 
values provided in Table S4.4 ESI†).  
The AC impedance spectra serve to indicate the physical basis for why the nominally 
identical electrodes perform so differently when cycled in alternative electrolytes. For the 
best capacity retention at high C-rate testing, FEC was used as an electrolyte additive. The 
use of this additive resulted in a modified SEI with only ~60% of the resistance to ion 
transport of the SEI derived from EC. This decrease in impedance through the SEI was 
accompanied by a decrease in the activation energy required for de-solvation of the ion. 
With this electrolyte formulation, the ion is exclusively solvated by EC39,40 and so the 
decrease in resistance to this charge transfer step is attributed to the modified SEI stabilizing 
the de-solvation process.  
While the use of FEC as a co-solvent resulted in a SEI with greater resistance (~50% 
more) to ion migration, this electrolyte formulation resulted in further attenuation in the 
charge transfer resistance (greater than 90%), attributable to the interwoven effects of 
diminished Li+/FEC bond energy in the solvation sheath and the surface chemistry of the 
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SEI that facilitates de-solvation. The comparatively lower capacities (particularly at higher 
C-rates as recorded for electrodes tested in electrolytes with FEC as co-solvent rather than 
additive) are attributed to the higher resistance to ion transport through the SEI. The 
difference in transport rates might be ascribed to a combination of effects deriving from the 
chemistry and morphology of the SEI; the surface chemistry of these FEC-derived 
interphases (as well as those formed by Cl-EC containing electrolytes) was studied by XPS 
and these results are discussed further below. 
The most stable cycling performance over 500 cycles testing at a rate of 1C was 
achieved using the FEC:DEC electrolyte but its use did not allow for as high of capacity 
retention at faster charge/discharge rates. This may be attributed to the comparatively 
greater resistance to ion migration through the exclusively-FEC derived SEI: 230% of the 
resistance for the 5% FEC in EC:DEC derived SEI. For the electrode cycled in Cl-EC:DEC, 
we observed far slower transport through the SEI and also in the particle bulk, as indicated 
by fitting the low-frequency data to a Warburg impedance element or, more specifically, 
the component of this element which describes diffusion length and diffusion rate (Fig. 
S.4.11c ESI†). By using Cl-EC as an additive, the resistance to ion transport was 
comparable to what was found for the electrode cycled in EC:DEC and, as similar to what 
was observed when using FEC as an additive, the resistance to charge transfer was 
diminished. However, while the use of Cl-EC as an additive did increase the capacities 
recorded (particularly at higher rates) the cycling performance was not stable. Interestingly, 
good stability – 102% capacity retention vs the 10th cycle capacity – was observed for a 
meso-porous Co3O4 electrode tested with an electrolyte formulation of Cl-EC:FEC:DEC 
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(1:1:2, volume %) through up to 1,000 cycles at 1C rate but with relatively poor, sub-99% 
CE (Fig. S.4.12 ESI†). 
 
Fig. 4.6   XPS of SEI of the discharged anode after the 10th cycle of C/10 testing for each of the 
five electrolyte formulations evaluated. Species assignments are indicated by text and elemental 
composition is noted by the pie chart adjoining each regional spectra. 
XPS characterization of Li-ion SEI 
XPS investigation of the SEI formed on the electrodes cycled 10 times at C/10 to 
their discharged state was conducted to complement the findings from AC impedance 
spectroscopy, which showed that resistance to ion transport (via migration through the SEI 
and de-solvation of the ion) is a function of SEI. Survey spectra and regional spectra (Fig. 
4.6) were obtained to allow for a detailed analysis of the species present within the SEI. 
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The method used to correct the spectra to account for charging and the references to the 
species assignments is found in the Experimental section. No signal was detected from the 
Co 2p region for any sample, indicating that the SEI thickness exceeded the ca. 10 nm 
thickness from which XPS signal is derived. 
The SEI for the standard case – the SEI derived from the EC:DEC formulation – is 
dominated by C, O and Li signal (52, 27 and 16 atomic %, respectively), with only 4% F 
and less than 1 % P (these last elements derived from the reduction of the molten salt anion, 
PF6
-). Several peaks can be deconvoluted from the C 1s and O 1s regional spectra, 
indicating this SEI is constituted of lithium hydroxide and of carbon species with mainly 
lower degrees of oxidation, principally sp3 C-C and C-H and alkyl/alkoxide species (the 
percentage distribution of the C 1s spectra is provided in Fig. S.4.13 ESI†) with a lesser 
amount of lithium alkyl-carbonate species. A portion of the alkyl/alkoxy signal is 
attributable to the carboxymethyl cellulose binder,41 which is believed to be present within 
the bounds of the SEI interphase.  
By including FEC as an additive, the chemistry of the SEI is significantly enriched 
by lithium fluoride. The F elemental composition is increased from 4 to 16 %, the 
overwhelming majority of which is found in lithium fluoride, a species which can be 
formed by the reactions of PF5 and PF6
- with Li, but in this instance is predominately 
generated by the decomposition of FEC. It has been reported that in the absence of EC, 
there is a more pronounced reduction of the PF6
- ion42 but for this electrolyte formulated 
with FEC only as an additive, this rationale does not apply. The correlation of increased 
concentration of LiF in the SEI and stable electrode cycling has been reported many times 
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but the causation – how this species improves performance – remains restricted to informed 
speculation.43  
Some reports link LiF to the formation of a thinner SEI which allows for more rapid 
ion transport as a consequence of its dimension.22 Other reports suggest that a LiF-rich SEI 
is better able to withstand the volumetric changes which fracture an EC-derived SEI.34 
Based upon the results from AC impedance, we suggest another explanation: that with 
increasing LiF content, lithium ions are drawn more closely to and into the SEI, facilitating 
the ion desolvation process, as has been recently shown in a study employing atomistic 
modeling by Jorn et al.44 Whether LiF is responsible for facilitating de-solvation as 
indicated by the experimental evidence, there appears to be a limit to its utility in improving 
overall ion transport; although the resistance to desolvation further diminishes with increase 
in content of LiF in the SEI found when using the FEC:DEC electrolyte formulation, the 
resistance to ion transport through the SEI increases markedly.  
This resistance to transport is borne out in the cycling performance, particularly at 
higher C-rates, yet besides the already noted increase in LiF content, there is marginal 
difference in the regional spectra for the SEI derived from the electrolyte employing FEC 
as an additive or co-solvent. Measurements of the SEI morphology, the use of high-
resolution XPS with careful depth profiling or evaluation of the SEI formed after cycling 
at higher rates may provide better insight into what distinguishes these SEI layers. 
For the electrodes cycled in Cl-EC based formulations, there was a small uptake of 
Cl into the SEI (interestingly, more uptake for the formulation with Cl-EC as an additive) 
which differentiated its composition from that derived from EC:DEC or those using FEC. 
The most striking difference in the content of the Cl-EC derived SEIs was the relative 
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amount of carbon, particularly lithium alkyl-carbonate and lithium carbonate species. From 
the fitting parameters imposed according to the results of prior works29,42,45,46 focused on 
studying the reduction of electrolyte solvents and the composition of the SEI, we assigned 
the peaks representative of the content of the several carbon species. Notably, the lithium 
alkyl-carbonate and lithium carbonate species constituted about 25% of the SEI formed 
from the EC:DEC formulation but were over 35% for the Cl-EC formulations.  
The rise in carbon-containing species came with an expected decrease in fluorine 
content but an unexpected decrease in lithium content, falling to near 10%. Taken with the 
AC impedance results, we believe that the higher content of carbonate species and lower 
content of lithium fluoride (or chloride) is responsible for the higher resistance of ion 
transport through the SEI, which was particularly evident for the Cl-EC:DEC formulation. 
It should be noted that the use of the charge neutralizer was employed for analysis of all 
regions due to the highly shifted chlorine signal for the SEI formed from 5% Cl-EC in 
EC:DEC. The dominant signal from the compensated spectra obtained using the charge 
neutralizer shows an oxidized chlorine containing species at near 200 eV which we were 
unable to confidently assign. 
Evaluation of meso-Co3O4 for Na-ion batteries 
The viability of meso-porous Co3O4 for use in a future Na-ion battery was examined 
with the same electrochemical tests and characterization performed for the Li-ion 
electrodes. These results complement and expand upon a recent communication reported 
by Rahman et al.,47 indicating that Co3O4 is a potential candidate for use sodium ion battery 
anodes and also supporting their finding that the theoretical capacity of this active material 
is 447 mAh g-1 vs Na. By assuming a charge mechanism analogous to the conversion 
138 
  
reaction with lithium, Klein et al. previously calculated that the sodium ion theoretical 
capacity remains 890 mAh g-1 with the free energy of formation of the Co + Na2O (fully 
charged) phase formed at 0.84 V vs Na/Na+.48 However, in experiments, we find that even 
at low rates the reversible capacity of the electrode appears to be limited to only around 
half the theoretical value, near 445 mAh g-1, in agreement with the finding of Rahman et 
al. This low capacity may be due to excessive cell internal resistance, for the differential 
capacity profile (Fig. S.4.18 ESI†) indicates that the sodium charge/discharge reaction 
proceeds analogously to that of the lithium cell. Experiments are underway to verify the 
theoretical capacity by characterizing the mechanism of charge and discharge by means of 
in-situ Raman spectroscopy and in-situ XRD characterization. However, we believe that 
the mechanism proposed by Rahman et al. is more consistent with the cycling performance 
for the meso-porous particles tested here. Like Rahman et al., we find that at low C-rates 
the electrode discharges reversibly to near 445 mAh g-1 but the more practically useful 
capacity at the relatively slow rate of 1C (0.89 A g-1) was found to decrease to near 175 




Fig. 4.7   Characterization of meso-porous Co3O4 when used as the active material for a Na-ion 
half cell, tested with two electrolyte formulations: 1M NaPF6 in 5% FEC in EC:DEC and 
FEC:DEC. Electrochemical testing conducted (a) at variable C-rates and (b) to evaluate cycling 
stability at C/2 (0.445 mA/g) rate. AC impedance spectroscopy conducted at (a) fully charged and 
(b) discharged states in the 10th cycle of a C/20 test. After 250 cycles testing at C/2  rate, TEM 
done on ultramicrotomed sections of electrodes in discharged state showing meso-porous channels 
intact: (c) cycled in 5% FEC in EC:DEC and (f) cycled in FEC:DEC. XPS characterization of SEI 
formed in the discharged state for each electrode/electrolyte combination after the ten cycles 
testing at C/20 rate. 
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In this electrolyte survey, the EC:DEC formulation was omitted owing to its 
comparatively poor performance in several recent studies of Na-ion anode materials49,50, 
while the majority of the coin cells tested with the Cl-EC:DEC and 5% Cl-EC in EC:DEC 
formulations were found to consistently fail after several cycles owing to internal shorting, 
likely a consequence of rapid sodium dendrite formation arising from poorly formed and/or 
high impedance SEIs, a problem which affected in lesser degree the Li-ion cells tested with 
analogous formulations.  
In a variable rate test (Fig. 4.7a), the capacity retention for the electrode was similar 
using either of the FEC-type electrolyte formulations: at a rate of C/2 (455 mA g-1), the 
retention was only 23% of the theoretical capacity (890 mAh g-1) for the electrode in the 
5% FEC formulation and 20% in the FEC:DEC formulation. However, in terms of stability 
(Fig. 4.7b), the electrode tested in FEC:DEC performed significantly better. At near 200 
cycles, the electrodes provided near the same capacity, although the electrode tested in 
FEC:DEC retained 80% of its maximum 204 mAh g-1 capacity found during testing at C/2 
(445 mA g-1) through 200 cycles (and retained 75% capacity through 250 cycles) while the 
electrode cycled in 5% FEC retained only 53% through 200 cycles (44% through 250 
cycles). The first cycle CE for the electrode tested in FEC:DEC was near 64%, slightly 
higher than the 60% value found for the 5% FEC formulation. The average CE during the 
first 200 cycles at C/2 (445 mA g-1) was 99.7% when using FEC:DEC and a significantly 
lower 99.2% when using 5% FEC.  
Irrespective of the electrolyte formulation used, the meso-porosity was retained as 
with the electrodes tested in lithium-ion cells; after 250 cycles at C/2, TEM was used to 
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characterize ultramicrotomed sections of the electrodes in their full discharged state and the 
meso-porous channels were observed to be intact (Fig. 4.7c,f). 
The differences in the cycling performance between the electrodes tested in the 
different electrolyte formulations as well as those differences in performance between 
electrodes tested with lithium vs sodium ions may be explained in part by the results of AC 
impedance spectroscopy taken after ten slow cycles at C/20 rate. Considering the electrode 
in its fully charged state (Fig. 4.7d), the impedance for the sodium ion electrodes is 1-2 
orders of magnitude greater than that for lithium ion electrodes. The result of using FEC as 
a co-solvent rather than as an additive diminished the resistance to transport through the 
SEI by a factor of 6 and the charge transfer resistance by a factor of 2. (Tabulated values 
from fitted results found in Table S4.5 ESI†.) 
As for the electrodes tested in lithium-ion cells, we attribute the differences in 
cycling performance – these derived in large measure from the ionic transport properties of 
the electrode system – to the chemistry and morphology of the SEI. The SEI formed on 
electrodes tested in sodium ion cells was characterized by XPS. In Fig. 4.7g, the regional 
spectra for the dominant elements is shown (the P signal is not shown as it accounted for 
about 1 atomic % in each SEI).  
Compared to the SEI derived from lithium-ion salts, these SEI are constituted of a 
greater content of ether/alkoxy and carbonate species carbon species. As with the SEI 
derived from the Cl-EC:DEC formulation for the lithium-ion cell, the increased population 
of carbonates, alkyl-carbonates and ethers can be correlated to increased impedance to ion 
transport through the SEI and resistance to desolvation.  
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Following the parameters imposed according to the results of prior research into the 
Na-ion SEI,51,52 the content of the various carbon species was found for these sodium-ion 
cell SEIs (Fig. S.4.14 ESI†).  The content of alkyl carbonates/carbonates for the SEI derived 
from the 5% FEC formulation was near 70% while only 43% for the SEI derived when 
FEC was employed as a co-solvent. While the presence of carbonate species appears to 
correlate with SEI in poorer performing cells, the increased content of NaF in the FEC:DEC 
derived SEI was observed to correlate with the more facile ion transport, this is possibly 
due to an analogous rationale to what has been suggested for the lithium-ion cell SEIs: the 
NaF species more strongly attracts the ion, facilitating its desolvation into the SEI. 
Conclusions 
The voltage characteristics of the cobalt oxide based anode recommend its 
consideration  for use in low power portable electronics and other applications which might 
benefit from higher capacities and faster charge rates (at higher and therefore more safe 
voltages). We believe that the potential viability of a cobalt oxide-based anode is derived 
in part from progress in semiconductor technology that has led to the development of low 
voltage circuit architectures targeted toward extending battery life. For a recently developed 
model which optimizes via consideration of battery discharge and delay product, the 
desired Vdd was found to be 0.9 V for a simulation run for supply voltages ranging from 
0.8-1.6 V for a VLSI circuit with 0.35u CMOS type transistors.53  
Therefore, despite operating over a continuum of voltages, the low voltage 
requirements of modern semiconductors could allow for the possibility of a cobalt oxide 
based anode: when paired with a lithium cobalt oxide cathode, the average battery discharge 
potential at a C/10 rate is near 2.5 V: the average meso-porous cobalt oxide anode discharge 
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potential at a C/10 rate vs Li/Li+ is 1.68 V, and the average lithium cobalt oxide cathode 
charge potential at C/10 rate vs Li/Li+ is near 4.2 V.54  
With the stable structure of high surface area meso-porous Co3O4 particles in a 
conventional slurry cast electrode cycled using 1 M LiPF6 in a  mixture of 5 wt% FEC in 
(1:1 vol%) EC/DEC, we report good capacity retention at high rates: 77% retention at 5C 
and after testing through 800 cycles at variable C-rates, 115% capacity retention with stable 
cycling upon return to 1C rate. For highest capacity retention and coulombic efficiency 
over a calendar life test of 500 cycles at 1C, the co-solvent mixture of (1:1 vol%) FEC:DEC 
is preferred: 92% capacity retention with an average CE of 99.6%.  
The stable cycling even up to high rates that was observed in these tests may be 
attributed to a combination of factors: (a) the retention of the meso-porous structure that 
facilitates 1D ion transport down the meso-pores and appears to allow these particles to 
avoid the progressive segregation of Co into electrically isolated clusters as has been found 
previously and (b) the selection of alternative electrolyte formulations which form SEI with 
lower impedance to ion migration across the electrolyte/electrode interphase and which also 
facilitate ion desolvation, perhaps due to an increased content of ion-fluoride species which 
have been shown to have this effect in a recent atomistic modeling study. 
The commonly used EC-based formulation (here a 1:1 vol% EC:DEC formulation 
is used) is not recommended due to worse cycling stability, retention at high C-rates, 
coulombic efficiency and, notably, safety concerns arising from a tendency for cells cycled 
with this electrolyte formulation to cycle irregularly (arising from abrupt cell resistance 
increases) after hundreds of cycles of testing.  
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In Na-ion testing, the potential for a meso-porous cobalt oxide based anode was 
demonstrated, with stable cycling performance and near 100% coulombic efficiencies 
observed at variable C-rates and during a 250 cycle test at 445 mA g-1 (C/2) rate. For best 
cycling stability, the electrolyte survey done here recommends the use of the 1M NaPF6 in 
1:1 (vol%) FEC:DEC formulation. Further, the experimental capacities reported here 
support the recent finding by Rahman et al. that an alternative mechanism exists for Co3O4 
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1. SEM of un-cycled electrode 
 
Fig. S.4.1a.  SEM cross-sectional image of un-cycled meso-porous Co3O4 based electrode 
on copper foil current collector. 
 
 
Fig. S.4.1b. SEM cross-sectional image of un-cycled meso-porous Co3O4 based electrode 
showing meso-porous material surrounded by Super-P Li conductive additive. 
1. X-ray photoelectron spectroscopy (XPS) characterization and analysis procedure 
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XPS analysis of SEI surface of cycled electrodes 
The peak assignments for the XPS spectra were described in the experimental section. The 
peak assignments used for analysing the spectra of SEI formed upon lithium ion anodes are 
summarized in the tables below. Our interpretation of the data is that it represents the 
surface of a SEI which extends beyond the depth of characterization for XPS (estimated to 
be ~10 nm) because no cobalt signal was observed.   
 
Table S4.1a. Regional assignments for species constituting the Li-ion derived SEIs. 











C 1s sp2 C in graphitic C 282.5 1 282.5±0.25 0 - 2 GL(30) 
 C-H, C-C 284.5 1 284.5±0.1 0 - 2 GL(30) 
 alkyl and alkoxy 
carbons 
285-287 2 286±0.25 0 - 3 GL(30) 
 ethereal, alkoxy 
carbon 
286-288 2 287±0.25 0 - 3 GL(30) 
 R-CH2-OCO2-Li 287.7-
288.2 
3 288±0.25 0 - 2 GL(30) 
 R-CH2-OCO2-Li 289.2-
290.2 




 291±0.25 0 - 3 GL(30) 
       
O 1s LiOH 531 2, 5 530.8±0.25 0 - 2.5 GL(30) 
 ROCO2Li / Li2CO3 532 
6
 531.8±0.25 0 - 2.5 GL(30) 
 ROCO2Li 533 
6
 533.2±0.25 0 - 2.5 GL(30) 
 ROLi 534 6 534.5±0.25 0 - 2.5 GL(30) 
       
Li 1s LiF 56 2 not fitted   
 Li2CO3 55.5 
2
 not fitted   
 alkoxide, hydroxide 
Li-O 
55.5 2 not fitted   
 Li2O 54 
2
 not fitted   
       
F 1s LiF 685 2 685±0.25 0 - 2 GL(30) 
 P-F, CF2 687.2-
687.7 
1
 687.2±0.25* 0 - 3 GL(30) 
    *±0.5 for Cl-EC based electrolytes 
       
P 2p LiPF6 138 
3
 not fitted   
       
Cl 2p LiCl 198.5-6 7 not fitted  GL(30) 
 CH3Cl 200.8 8 not fitted  GL(30) 
 

















C 1s sp2 C in graphitic C 282.5 1 282.5±0.25 0 - 2 GL(30) 
 C-H, C-C 284.5 1 284.5±0.1 0 - 2 GL(30) 
 alkyl and alkoxy 
carbons 
285-287 2 286±0.25 0 - 3 GL(30) 
 ethereal, alkoxy 
carbon 
286-288 2 287±0.25 0 - 3 GL(30) 
 R-CH2-OCO2-Na 287.7-288.2 
3 288±0.25 0 - 2 GL(30) 
 R-CH2-OCO2-Na 289.2-290.2 
3 289.5±0.25 0 - 2 GL(30) 
 Na2CO3 290.5-291.5 
4
 291±0.25 0 - 3 GL(30) 
       
O 1s NaOH 531  531±0.25 0 - 2.5 GL(30) 
 Na2CO3 532 
6
 532±0.25 0 - 2.5 GL(30) 
 ROCO2Na 533 
6
 533±0.25 0 - 2.5 GL(30) 
 ROCO2Na/RONa 534 
6
 534±0.25 0 - 2.5 GL(30) 
 Na KLL Auger 536 9 536±0.25 0 - 3 GL(30) 
       
Na 1s NaF 1071-1072.5 10,11 not fitted   
       
F 1s NaF 686.6 12, 2 685.7±0.25 0 - 3 GL(30) 
 PF6- 688.8 12 687.9±0.25 0 - 3 GL(30) 




Evaluation of the meso-porous Co3O4 particle 
 
A 250 cycle test at 1C was conducted in with nominally identical electrodes tested in 
alternative electrolyte formulations. The slight aberration in cycling results and coulombic 





Fig. S.4.2.   250 cycle test in lithium-ion cell at 1C after conditioning cycle at C/20 for 












Fig. S.4.3a. TEM at 2 magnifications of (ultramicrotomed) sections of electrode in fully 
discharged state after 250 cycles testing at 1C rate. The meso-porous channels are observed 






Fig. S.4.3b.  TEM at 2 magnifications of (ultramicrotomed) sections of electrode in fully 
discharged state after 250 cycles testing at 1C rate. The meso-porous channels are observed 






Fig. S.4.3c.  TEM of (ultramicrotomed) sections of un-cycled electrode showing (a) wide-
field view of electrode and copper foil current collector (black, top right corner) and (b) 











Fig. S.4.3d.  TEM of (ultramicrotomed) section of electrode in fully discharged state after 
250 cycles at 1C rate in 1 M LiPF6 in 5% FEC in EC:DEC electrolyte formulation. The 
material in this frame appears to be structured in a manner unlike the anticipated meso-
porous arrangement and was observed in only a few locations during the several hours of 
TEM characterization performed. This structure is not considered representative of the bulk 
of the meso-porous particles as it was observed in only a very small fraction of the electrode. 
Based upon consideration of the many images taken during TEM and SEM 
characterization, we suggest that this structure may be possibly explained by: (i) a small 
fraction of the synthesized meso-porous Co3O4 material forming nanorod clusters, (ii) the 
meso-porous channels being largely filled as a result of the active material swelling as it 
experienced volumetric changes during charge and discharge or (iii) that the channel walls 
“ball-up” into what appears to be a string of beads when the particle is cut at a particular, 






Fig. S.4.4.  XRD of cycled electrode in discharged state after 500 cycles at 1C in lithium ion cell 
with 5% FEC in EC:DEC electrolyte formulation. The peaks observed are due to the copper 
substrate of the electrode and the splitting is a result of the difference in the k-alpha 1 and k-alpha 
2 Cu energies. Inset on the Fig. are comparisons of higher resolution diffraction patterns obtained 
from selected 2-theta domains, comparing the signal electrode to a pristine piece of the copper foil 
current collector. Patterns taken on similarly cycled anode material removed from the Cu current 







Fig. S.4.5a,b.  (a) SAED pattern and (b) corresponding particle with amorphous structure.  
 
 
Fig. S.4.5c,d.  (c) SAED pattern and (d) corresponding particle with CoO structure indicated by 




Fig. S.4.5e,f.  SAED of electrode showing Co3O4 phase in discharged state after 250 cycles at 1C 
rate testing in 5% FEC in EC:DEC electrolyte. (e) the diffraction spots obtained for the material 
in (f) correspond to the Co3O4 phase: despite the few diffraction spots able to be recorded, the 0 2 
2 ring is good evidence for the existence of this phase, for these diffraction spots are at a reciprocal 


















Fig. S.4.6a,b. (a) in-situ XRD pattern collected for the charge (via linear voltammetry) of an 
electrode composed of 80/10/10 nanopowder Co3O4 (Sigma, less than 50 nm), CMC90kDa and 
Super-P Li in a modified 2032 coin cell. The test was conducted using Phillips X’PERT scanning 
35-46 degrees 2 with 2.5 second dwell on 0.05 degree 2 step size. (b) The linear voltammetry 
was conducted at 0.05 mV/s from 2.0 to 0.01 V and the start of each XRD scan is indicated by 
dotted lines. Similar testing done on the meso-porous electrodes were inconclusive, owing to very 






Table S4.2a Capacities and capacity retention for 1C rate test of Li-ion half cells through 
500 cycles  





% retention of 
C/20 capacity, 
1C 500th cycle 
% 
retention 





CE at 1C 
EC:DEC* 816 925 843 113% 110% 65.8 99.3 
5% FEC in EC:DEC 736 673 800 91% 84% 67.7 99.1 
FEC:DEC 807 685 748 85% 92% 64.3 99.6 
5% Cl-EC in 
EC:DEC 
808 752 845 93% 89% 62.9 99.3 
ClEC:DEC 762 n/a 730 n/a n/a 50.0 n/a 
* irregular, repeated abrupt increases  in cell resistance resulted in unstable cycling performance 
 
 
Fig. S.4.7.   Cycling test at 1C rate for 500 cycles following C/20 conditioning cycle in half 
cell of meso-porous Co3O4 based electrodes vs Li-foil with 1M LiPF6 in Cl-EC:DEC 
electrolyte formulation. The mass loading of the cell is reduced (0.45 mg cm-2) compared 





Fig. S.4.8a.  Voltage profile showing voltage spikes for cell tested in 1M LiPF6 in EC:DEC for 
500 cycle test at 1C rate. 
 
Fig. S.4.8b,c.  Erratic cycling behaviour exhibited by meso-porous electrodes tested in 1M LiPF6 





Fig. S.4.9.  Electrochemical data for the electrode tested in the 1M LiPF6 in EC:DEC 
electrolyte for 500 cycles at 1C rate. (a), (c) differential capacity profiles and (b), (d) 
corresponding voltage profiles for the lithiation half-cycle grouped according to before and 
after the ca. 270th cycle, after which unusual cycling behaviour was observed (e.g. 











Table S4.3a. Capacities for C-rate test of Li-ion half cells through 800 cycles at variable 
rates 
 (capacity in mAh/g at end of rate test series)    
Electrolyte C/20 C/10 1C 5C 5C (319th 
cycle) 







EC:DEC 793 806 744 454 255 117 229 839 
5% FEC in EC:DEC 817 861 820 631 558 209 492 941 
FEC:DEC 703 721 636 490 435 153 367 634 
5% Cl-EC in 
EC:DEC 
790 818 745 454 418 165 286 518 
ClEC:DEC 867 896 762 264 107 65 84 365 
 
Table S4.3b. Capacity retention as percent of C/20 conditioning cycle for for C-rate test of 
Li-ion half cells through 800 cycles at variable rates 
 (capacity in mAh/g at end of rate test series)    
Electrolyte C/20 C/10 1C 5C 5C (319th 
cycle) 







EC:DEC 100% 102% 94% 57% 32% 15% 29% 106% 
5% FEC in EC:DEC 100% 105% 100
% 
77% 68% 26% 60% 115% 
FEC:DEC 100% 103% 90% 70% 62% 22% 52% 90% 
5% Cl-EC in 
EC:DEC 
100% 104% 94% 57% 53% 21% 36% 66% 







Fig. S.4.10.  Cycling test of 80% meso-porous Co3O4 (1.0 mg/cm
2
 loading) / 10% Super-P 
Li / 10% CMC90kDa electrode in 1M LiPF6 in 5% FEC in EC:DEC electrolyte. (a) Variable 
high rate test at 5C, 10C and 5C for 500 cycles each followed by 1C. (b) Cycling at 1C rate 





Fig. S.4.11. (a) Equivalent circuit used to model AC impedance spectra. (b) Bar graph indicating 
contribution to resistance from each circuit resistor when cell is at state of full charge. (c) Bar 
graph indicating the magnitude of the diffusion term extracted from the Warburg impedance 
element for the electrode in its fully charged and discharged states. 
 
Table S4.4. AC impedance values given as percent of the resistance through each element 
of the spectra obtained for the electrode tested in the EC:DEC electrolyte 




5% FEC in EC:DEC 64% 41% 83% 22% 
FEC:DEC 150% 5% 172% 66% 
5% Cl-EC in EC:DEC 115% 35% 81% 64% 






Fig. S.4.12. Cycling performance of lithium ion electrode tested through 1000 cycles at 
1C in hybrid electrolyte of 1/1/2 volume percent Cl-EC/FEC/DEC. Electrode composition 
was 60 % meso-porous Co3O4, 20% Super-P Li and 20% PAA50kDa.  
 
 
Fig. S.4.13. Species composition in the C 1s region for each of the SEIs derived from Li-





Table S4.5.  AC Impedance Table (Resistances for Na-ion cells) for electrodes at state of full 
charge in cycle 10 (C/20 rate testing) 
Electrolyte RSEI, 100 mV () Rct, 100 mV ( ) 
5% FEC in EC:DEC 7241 ± 132 3055 ± 208 
FEC:DEC 1367 ± 33 1510 ± 86 
 
 
Fig. S.4.14. Species composition in the C 1s region for each of the SEIs derived from Na-
ion half cell testing with the 2 electrolytes evaluated.  
 
 
Discussion of differential capacity profiles 
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  Li-ion cells.Differential capacity profiles illustrate the phase transitions and thereby 
indicate the mechanism by which the active material charges with and discharges lithium 
(or sodium). The peaks typically represent phase transitions or other reactions; depending 
on the kinetics of the reaction or phase transition, the potential of these peaks will occur at 
some overpotential beyond the theoretical energy of formation. The primary practical value 
of these profiles for this study is in their identification the majority of the discharge 
occurring at high potentials (average near 2 V) vs the Li/Li+ redox couple. By inspection of 
a capacity vs. cycle number plot, the electrode performance appears stable and has the 
advantages of relatively good retention of capacity at high rates. However, this capacity is 
discharged at relatively high potentials, meaning that the energy quality is low. As a 
consequence, there is limited application of this active material; for example, we believe 
that it is unlikely that cobalt oxide would be attractive for use in electric vehicles or power 
tools, because both technologies require high voltage batteries. 
  In the first cycle differential capacity profile, there are 5 observed features during 
charge, the first of which (between 1.7 – 2.0 V) represents part of the charge which is 
irreversibly lost to SEI formation (labeled I in Fig. S.4.12a ESI†). For the electrolytes 
containing Cl-EC, the SEI formation begins above 2 V and appears to further develop in a 
second reaction near 1.3 V while for the electrolytes containing FEC the SEI formation 
begins nearer 1.7 V. Initial SEI formation from the EC:DEC electrolyte also appeared to 
begin near 1.7 V. The charging of the Co3O4 is observed to occur at near 1.2 V (labeled II 
in Fig. S.4.12a ESI†), this voltage being previously reported as the potential at which the 
mixed valence cobalt oxide forms Li2O and CoO (LixCo3O4 has been reported, but only for 
very slow charge rates).13 The magnitude of this feature is difficult to determine because it 
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appears to be convoluted (particularly in the case of the electrodes tested with an electrolyte 
containing Cl-EC) with an irreversible feature that possibly signifies a second phase of 
development of the SEI simultaneously as the Co3O4 matrix is distorted and its volume 
marginally increases.  
  At near 1.1 V, a two phase reaction occurs (labeled III in Fig. S.4.12a ESI†); the 
corresponding chemistry may follow the traditionally accepted reaction pathway in which 
CoO is further reduced to Co metal in a matrix of lithia, but the accumulated charge after 
this feature (at 0.9 V) is only around 650-700 mAh/g, not nearly the theoretical capacity. 
Although more difficult to isolate, there is another feature (labeled IV in Fig. S.4.12a ESI†) 
which would likely be ascribed to the reaction of lithium and the active material at near 0.7 
V before a final and large feature (labeled V in Fig. S.4.12a ESI†) appears, beginning at 
near 0.5 V. This large feature, V, represents almost exactly 1/3 of the entire capacity 
charged during this initial conditioning cycle. Feature V might represent the potential at 
which the bulk of the irreversible reactions occur (the irreversible capacities for the 
electrodes are near 500 mAh/g), the charging of the polymer gel often cited as a reason for 
why some cobalt oxide electrodes have higher than expected capacities14, the continuation 
of the lithiation of the active material or some combination of these.  
  Upon consideration of the contribution of this same feature to the charge capacity in 
subsequent cycling, we believe that feature V in the conditioning cycle marks the potential 
at which approximately half of the irreversible losses occur. This is estimated by evaluating 
the difference in capacities of (a) the extent of the contribution of feature V to the reversible 
capacity in cycle 100 (between 140-200 mAh/g or near 20% of the reversible capacity) and 
(b) the capacity of feature V in the conditioning cycle (between 350-425 mAh/g or nearly 
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33% of the reversible capacity). A small portion of the reversible storage of lithium 
accomplished in this low potential results is weakly held and readily discharges, signified 
by the linear portion of the discharge profile commencing at 70 mV and continuing up 
through about 1.0 V. At near 1.5 V, a slight feature is observed, perhaps corresponding to 
the phase transition during charge denoted as feature IV. Then, at near 2.0 V the majority 
of the discharge occurs; feature VIII, assigned to represent the delithiation of the lithia and 
the reformation of a mixture of CoO and Co3O4 (as observed by SAED), estimated to begin 
at about 1.75 V, accounts for about 55% of the reversible capacity in each 
electrode/electrolyte combination. As a practical consequence of the majority of the 
discharge chemistry occurring at these relatively high potentials, the quality of energy 
delivered by a hypothetical future battery implementing a cobalt-oxide based anode would 
necessarily be low.   
  In the 1C testing done after the conditioning cycle, the differential capacity profile 
indicates the existence of a multi-step mechanism beyond the commonly accepted direct 
transition between a charged phase of lithia surrounding cobalt metal nanoparticles and a 
mixture of cobalt oxides in the discharged state. There is a small charge accomplished at a 
high potential of near 2.2 V before two features in sequence are observed at 1.4 V and 0.85 
V. Similar to the profile from the conditioning charge, an incomplete feature begins at a 
low potential (shifted slightly, attributable to greater overpotential required for charging at 
the faster rate of 1 C). Because this feature does not present as a peak, even at low charge 
rates for which kinetics should not prevent the full lithiation of the material, we believe this 
feature does not represent a phase transition but, instead, an accumulation of charge 
possibly in the polymer as has been suggested previously.14  However, it is difficult to 
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accurately interpret these differential capacity profiles, particularly with an incomplete 
understanding of the nature of phase transitions occurring at the lower potentials of charge. 
In-situ XRD has been employed by Larcher et al.13 but this technique only allows for 
analysis of the initial charging of Co3O4. SAED analysis has indicated the formation of Co 
nanoparticles15,16 but this technique is inherently limited due to the small length scale of 
characterization. A technique such as Raman, capable of assessing the bonding of elements 
so as to clarify the extent of the degradation of the original mixed valence cobalt oxide 
structure, may help clarify the condition of the electrode at higher states of charge. 
  By the 500th cycle of 1 C testing, a difference is observed in the shapes of the 
differential capacity profiles (Fig. S.4.13 ESI†), with a greater proportion of the discharge 
occurring in the discharge feature at near 1.5 V vs at 2.2 V (except, interestingly, in the case 
of the electrode cycled in 5% FEC in EC:DEC). The loss in capacity for the electrodes not 
forming dendrites (the electrode cycled in EC:DEC showed signs of dendritic growths in 
several cycles after about cycle 300) may be attributed to the attenuation of this feature, 
originally representing the potential at which most of the de-lithiation occurred. 
  When comparing the differential capacity profiles at variable C-rates (Fig. S.4.14 
ESI†), the effect of internal cell resistance becomes apparent, as the features in the profile 
are decreased, although not significantly shifted. For example, the increase in rate from 2 
C to 5 C (cycle 69 vs cycle 89) results in an approximate increase of 100 mV in 
overpotential required to reach the two dominate features in charging. In the case of a 
silicon electrode, this increase in rate would more significantly shift the potentials at which 
the charge chemistry occurred, resulting in lower capacity as a consequence of the poor 
kinetics associated with the charge reaction.17 Here, this shift is not seen, although the lower 
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capacity is evident, particularly for the electrodes tested in electrolyte formulations besides 
5% FEC in EC:DEC. From this, we believe that the reason for lower capacity is linked to 
increased cell resistance attributable to issues arising from ion transport during charge 
transfer and transport across the electrode/electrolyte interface. As this interface thickness 
increases, the attenuation of the charge and discharge features similarly increases 
(differential profile for cycle 700 at 5 C in Fig. S.4.14 ESI†). However, when the rate is 
lowered (to 1 C, Fig. S.4.14 ESI†), the SEI and/or charge transfer steps are no longer 
limiting and full capacity is achieved in the case of the electrodes tested in 5% FEC in 





Fig. S.4.15. (a) Differential capacity profile for Li-ion half cells for conditioning cycle 
(carried out at C/20) rate before 500 cycle test at 1C rate. (b) Focus on the discharge side 
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of the profile with (c) and (d) indicating in detail the charge profile. Black line corresponds 
to EC:DEC electrolyte formulation, blue line to 5% FEC in EC:DEC, green line to 









Table S4.6a.  Significant values for differential capacity profiles of the conditioning cycle 
for Li-ion half cells. 










% capacity after 
550 mV, charge 
% discharge capacity 
after 1.75 V 
EC:DEC 1205 816 389 34% 56% 
5% FEC 1087 736 351 32% 55% 
FEC 1255 807 448 32% 56% 
5% ClEC 1285 808 477 32% 57% 





Table S4.6b. Significant values for differential capacity profiles of the 100th cycle (at 1C 
rate) for Li-ion half cells following the conditioning cycle described in S Table 
6a. 






% capacity after 
350 mV, charge 
EC:DEC 851 840 11 23% 
5% FEC 787 777 10 24% 
FEC 743 740 3 19% 
5% ClEC 845 836 9 23% 
ClEC 673 670 3 21% 
 
 
Fig. S.4.16.   (a) Differential capacity profiles at cycles 0 (conditioning cycle), 100 and 500 
for Li-ion half cells tested at 1C rate after C/20 conditioning cycle. (b) Profile only of 
discharge for cycles shown in (a). Black line corresponds to EC:DEC electrolyte 
formulation, blue line to 5% FEC in EC:DEC, green line to FEC:DEC, purple line to 5% 















Fig. S.4.17.   Differential capacity profiles at selected cycles during extended C-rate test. 
Black line corresponds to EC:DEC electrolyte formulation, blue line to 5% FEC in 
EC:DEC, green line to FEC:DEC, purple line to 5% Cl-EC in EC:DEC and red line to Cl-
EC:DEC. 
 
Na-ion cells. Partly as a consequence of the potential difference between the Li/Li+ and 
Na/Na+ redox couples (-3.04 V vs -2.714 V, respectively) and the free energy of formation 
of Li2O and Na2O, the charging and discharging of the Na-ion meso-porous Co3O4 half-cell 
proceeds at lower potentials than for the analogous reaction with Li: for the more stably 
performing electrode tested in FEC:DEC, the average potential of charge (cycle 100, 0.5 C 
rate) is 550 mV and the average potential of discharge is 1.58 V. By comparison, after 100 
cycles at 1 C rate in FEC:DEC electrolyte in the lithium-ion cell, the average potentials of 
charge/discharge are 900 mV/1.76 V. Like with the lithium-ion cell, there are two dominant 
features in the (post conditioning cycle) differential charge profile for the Na-ion cell (Fig. 
S.4.15 ESI†) followed by an incomplete feature which might be attributable to charge 
storage in the polymer gel layer at low potentials. The multiple (three discernable) 
discharge features likewise coincide with what was observed for the lithium-ion cells. 
However, in the Na-ion cell, there is no high voltage feature such as what is found near 2.2 








Fig. S.4.18.   Differential capacity profiles at selected cycles during 250 cycle 0.5C test for 
Na-ion cells. Blue line corresponds to 5% FEC in EC:DEC electrolyte formulation, green 
line to FEC:DEC. (a) conditioning cycle at 0.025 C, (b) cycle 100 at 0.5 C and (c) cycle 
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Chapter 5: High tap density microparticles of selenium-doped 




The development of Li-ion cells with higher energy densities may be achieved using alloy-
type anode materials1 rather than graphite in the negative electrode. Prominent amongst graphite 
alternatives are Si-based alloys. These have been studied in academia2,3,4,5,6,7,8 and developed 
commercially9,10 due to the material’s abundance, low voltage and the high volumetric capacity of 
lithiated Si, 2213 Ah/L for Li15Si4.
9 Ge-based alloys are similar low-voltage and high volumetric 
capacity materials (2158 Ah/L for Li15Ge4)
9 and have been studied owing to faster bulk Li 
diffusion and higher electrical conductivity vs Si.11,12  
To be commercially relevant, it is necessary although not sufficient that such negative 
electrode materials are cast into films with high volumetric energy density and cycle stably without 
limiting the lower potential experienced by the anode.9, 13 To achieve these results, the negative 
electrode active material should be a particle capable of withstanding massive strain, with high tap 
density and low specific surface area so as to minimize irreversible losses of lithium on the first as 
well as subsequent cycles. 
Here we report that slurry cast films comprising m-sized particles of Ge cycle stably and 
with high efficiency when Se-doped to Ge0.9Se0.1. This sub-stoichiometric alloy is the optimized 
                                                     
4 The content in this chapter has been copied (with minor edits) from its original publication in the Journal of 
Materials Chemistry A in 2015. 
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result of a previously reported combinatorial study of Ge1-xSex thin film negative electrodes.
14 In 
that combinatorial study, Ge0.9Se0.1 was observed to rapidly and stably lithiate/delithiate and with 
high efficiency to full depth of discharge at 50C for 1000 cycles. The cycling result was attributed 
to the Se-reduction products forming an inactive phase that buffered the volumetric expansion of 
the Ge active phase and provided for an order of magnitude faster Li diffusion vs in control films 
of pure Ge.  
In this report, we compare the performance of m-sized particles of Ge0.9Se0.1 and pure Ge 
formed by quenching the respective melts and then jet milling, a milling method suited for 
contamination-free and rapid, commercial-scale production of Li-ion battery particles.15 Fitting 
with studies indicating that nanostructuring is required to alleviate the massive strain associated 
with Li (de)alloying,16,17,18,19,20 the control, pure Ge particle is shown to fracture upon cycling, 
resulting in film delamination, severe capacity fade and low efficiency. In contrast, the Se-doped 
Ge particle provides for stable, high efficiency performance through hundreds of cycles. This result 
coincides with what was found for the thin film format of Ge0.9Se0.1 and we similarly attribute the 
improved electrochemical behaviour to the formation in the Ge0.9Se0.1 particle of a highly Li-
permeable amorphous Li-Se-Ge inactive phase that effectively buffers the Li (de)alloying in the 
particle’s Ge active phase.  
This success using the active/inactive phase design is consistent with the principles 
recommended in [1] and the performance reported for several Si-based m-sized particles.4,9,21,22 
For Ge-based materials, good performance has been reported for porous, m-sized particles 
composed of nm-sized Ge in oxide23 or carbon24 matrices but m-sized Ge-based particle alloys 
have received less attention: recently, in [25] high rate performance was observed for an 




RESULTS AND DISCUSSION 
The µm-sized  Ge0.9Se0.1 particles of this study were formed as follows: a 9:1 atomic ratio 
Ge and Se mixture was melted in an evacuated quartz ampoule placed in a continuously rocked 
tube furnace, forming a single liquid phase.26 The liquid phase was rapidly quenched by dropping 
the hot ampoule in water (for experimental details, see the ESI). The pieces were manually 
collected and crushed in a mortar. The resulting coarse powder was then jet milled to µm-sized 
particles. Jet milling was selected because it is a widely used, high-throughput process that can be 
scaled to commercial production levels,15 is clean owing to milling done by high velocity particle 
on particle contact and provides for a narrower particle size distribution than ball milling.27 The 
pure µm-sized Ge particles were similarly made.  
The pure Ge and Ge0.9Se0.1 powders had similar 1.8 g cm
-3 tap densities and particle sizes 
(Fig. S5.1†).  Powder x-ray diffraction patterns (XRD) of the Ge0.9Se0.1 and the pure Ge particles 
(Fig. S5.2†) showed that they were crystalline, the Ge0.9Se0.1 comprised of Ge and GeSe phases. 
Energy dispersive x-ray spectroscopy (EDS) confirmed the purities of the pure Ge and the 
Ge0.9Se0.1 particles and the homogeneity of distribution of Se in the Ge0.9Se0.1 particles. Both 
quantitative EDS line-scans and qualitative EDS mapping of Ge0.9Se0.1 showed that Ge and Se 
were well mixed (Fig. S5.3†). Neither the pure Ge nor the Ge0.9Se0.1 particles were contaminated 
in the jet milling process (Fig. S5.4†). 
 
The pure Ge or Ge0.9Se0.1 loading of the slurry-cast electrodes was ~0.6 mg cm
-2. The films 
comprised 80:10:10 w:w:w pure Ge or Ge0.9Se0.1: Super P carbon: carboxymethylcellulose. The 
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electrodes were tested in 2032 coin cells, where the second electrode was lithium metal foil. As in 
the cells of Abel et al.19 the electrolyte was 1M LiPF6 in 1:1 v:v fluoroethylene carbonate and 
diethyl carbonate. 
Galvanostatic charge-discharge cycling was conducted in the 10 mV to 1.5 V range to 
evaluate deep discharge performance. In the discharge (de-lithiation) branch of the first 
(conditioning) cycle, the pure Ge electrode was observed to achieve less than theoretical capacity 
and a 92% coulombic efficiency. The Ge0.9Se0.1 electrode reached near theoretical capacity in the 
discharge branch of the initial conditioning cycle and a coulombic efficiency of 86%, this value 
expected in light of the formation of a stable SEI and of the reduction of Se. In the differential 
capacity profile for the initial charge of the Ge0.9Se0.1 based electrode (Fig. S5.5†), an irreversible 
reduction feature at 1.0 V vs Li/Li+ is observed and attributed to the reduction of Se. Previously in 
[28] this feature was ascribed to the irreversible formation of Li2Se, but our measurements 
(described below) show instead that a glassy Li-Se-Ge containing phase is likely formed. 
Following the irreversible reduction of Se, the voltage profiles of the Ge0.9Se0.1 based electrode 
coincide with those for the pure Ge based electrodes (Fig. S5.5†), indicating that only Ge is active 









Fig. 5.1  Galvanostatic deep discharge cycling of the micro-sized particles of pure Ge- (green data) 
or Ge0.9Se0.1-based (blue data) electrodes showing performance at variable C-rates through 80 
cycles following a conditioning cycle at C/20. After 80 cycles, the pure Ge-based electrode was 
tested at C/20 for five cycles so as to measure the fraction of electrochemically active material 
remaining: c. 32%. The Ge0.9Se0.1-based electrode was tested at 1C for 920 additional cycles to 
assess its long-term stability: the average capacity fade was 0.3 mAh g-1 per cycle and the average 
efficiency was 99.9%.  
Fig. 5.1 shows the capacities retained after cycling at various C-rates, each data series 
reproduced with at least four different cells (Fig. S5.6†). Following a conditioning cycle at C/20 
rate, the electrodes were cycled five times at C/5 rate; the pure Ge electrode lost 35% of its 
capacity, while the Ge0.9Se0.1 electrode gained 3%. When the C-rate was increased, the 
performance of the pure Ge electrode deteriorated while the Ge0.9Se0.1 cycled stably. At the 
conclusion of the 80-cycle variable C-rate test of Fig. 1, the pure Ge electrode was re-tested at a 
slow C/20 rate. It retained a capacity of only 378 mAh g-1, 32% of its initial C/20 rate capacity. In 
contrast, when the Ge0.9Se0.1 electrode was returned after the 80 cycle variable C-rate test to 1C 
rate, its 1 Ah g-1 capacity initially exceeded that measured at a 1C rate in cycles 16-30. During the 
next 920  cycles at 1C rate, the capacity of the Ge0.9Se0.1 electrode faded at a rate of  c. 0.3 mAh 
g-1 cycle-1, and the electrode an efficiency of 99.7% and increasing to 99.9 % in cycles 400-1000. 





Fig. 5.2  SEM of uncycled (a) pure Ge-based and (b) Ge0.9Se0.1-based electrodes. Ex-situ SEM 
after the 80 cycle variable C-rate test characterizing the charged (shown in ESI†) and discharged 
state of the (c) pure Ge-based and (d) Ge0.9Se0.1-based electrodes. The yellow dashed line in c 
outlines the regions of unambiguous film delamination. No evidence of delamination was found 
in observation of the Ge0.9Se0.1-based films. The red dashed line in d outlines some of the few 
dendritic growths observed. The red dashed line outlines several of the multitude of dendritic 
growths observed upon the pure Ge-based electrode c.  
The scanning electron micrographs (SEM) of the pure Ge and the Ge0.9Se0.1 electrodes 
taken before the 80 cycle variable C-rate test (Fig. 5.2a,b) were similar; but after the test, the film 
of the Ge electrode was observed to be partially delaminated. The delamination was visible to the 
naked eye. SEM and the EDS of the pure Ge electrode (Fig. 5.2c, Fig. S5.7-10†) showed that the 
film was covered with Li-dendrites, identified by their shape30 and by their chemical composition, 
which was high in O, F, C and P, all elements of the electrolyte. Lithium dendrite growth is not 
unexpected, considering that less than 1/3rd of the originally electrochemically active pure Ge 
active material remained; because the current density passing through the remaining pure Ge 
particles increases, the overpotential increases and metallic, potentially dendritic, lithium is 
electrodeposited. In contrast, the surface of the Ge0.9Se0.1 electrodes remained smooth, 
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comparatively free of observable dendrites (Fig. 5.2d and Fig. S5.9-10†). A striking change in the 
cycled Ge0.9Se0.1 electrodes was the clustering of conductive additive/binder around their Ge0.9Se0.1 
particles. Unlike the pure Ge film, the Ge0.9Se0.1 film did not delaminate in the 80-cycle variable 
rate test.  
High resolution transmission electron micrographs (HR-TEM) and high angle annular dark 
field scanning transmission electron micrographs (HAADF-STEM) of ultramicrotome sectioned 
electrodes (Fig. 5.3a-f and Fig. 5.4a-f)  taken after their 80 cycle variable C-rate test provided 
information about  the particle interiors as well as their edge regions.  
At low magnification, large pieces of the cycled (de-lithiated) pure Ge particle were 
observed (Fig. 5.3b). The SAED and fast Fourier  transform (FFT) of their HR-TEM (Fig. S5.11†) 
showed domains of polycrystalline Ge. The irregular perimeter of the cycled Ge particles indicated 
the effects of anisotropic volume change: initially formed with block-like faces, the Ge particles 
deformed during their cycling, their edges becoming stretched and fractured. Additional evidence 
of the disruptive effect of repeated strain of the pure Ge particles was found in their interior which 
was distorted into a material appearing sponge-like with a network of pores of variable size. Nano-
scale pores have been reported earlier for cycled Ge nanowires which did not fracture at their 




Fig. 5.3   Ultramicrotome-sectioned particles of undoped  Ge in the discharged state after 80 cycles 
of different C-rates.  (a) TEM showing the spongy, cavity-ridden interior. (b) TEM showing a 
distorted particle edge from (a).  (c) HAADF-STEM of a and b particles showing the porous 
interior of particles and their torn edges. (d) HAADF-STEM of c at high magnification showing 
cavities in the interior of a cycled undoped Ge particle. (e) HR-TEM of pores (indicated by arrows) 
in the interior of an undoped Ge particle with crystalline Ge domains. (f) HAADF-STEM of an 
undoped Ge particle showing distortion and particle fracture.  
Fig. 5.3c,d shows HAADF-STEM images of the same particle imaged with TEM (Fig. 
5.3a,b). These HAADF-STEM images along with that of a different particle (Fig. 5.3f) more 
clearly define the interior structure of the cavities. By recording intensity as a linear function of 
material thickness (generally constant owing to the ultramicrotome sectioning) and by an 
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exponential function of the atomic number (~Z2), the view of carbonaceous clutter near and upon 
the Ge particle can be suppressed with focus given to the structure of the higher-Z active material. 
In these HAADF-STEM images and in the several others provided with HR-TEM (Fig. 5.3f and 
in the ESI† in Fig. S5.12†), the partial cavities located at the surface of the particles appear to be 
precursors of the disconnected Ge fragments proximal to the particles. 
In contrast, HR-TEM of the cycled (de-lithiated) Ge0.9Se0.1 particles (Fig. 5.4a-f) show 
retention of the block-like faces of the initial, jet milled material, and formation of a heterogeneous 
network of crystalline Ge clusters, surrounded by the Se-containing amorphous phase. Consistent 
with the stability exhibited in the electrochemical data and the integrity of the cycled film as 
observed by SEM, the cycled Ge0.9Se0.1 particle was observed to remain intact, but comprising a 
glassy Se-containing phase embedded within a network of Ge nano-crystals. Fig. 5.4e shows 
crystallite and amorphous regions found in the interior of a representative particle. In the 
discharged state, the Ge inclusions are nano-crystallites identified with local fast Fourier transform 
(FFT) analysis based upon reflections corresponding to the relatively intense signal from the Ge 
(111) and (022) planes (Fig. S5.13†). The thickness of the ultramicrotomed section (c. 50 nm) is 
here an order of magnitude greater than the typical crystallite size. Consequently, the observation 




Fig. 5.4   Ultramicrotomed sectioned particles of Ge0.9Se0.1 in the discharged state after 80 cycles 
of different C-rates.  (a) HR-TEM of a particle edge showing that the cycled Ge0.9Se0.1 is a 
continuous material with nano-scale Ge crystallites enveloped by an amorphous phase. (b) Lower 
magnification TEM with white box indicating region shown in a.  (c) HAADF-STEM showing 
two phases: densely packed Ge crystallites enveloped by an amorphous phase. (d) HAADF-STEM 
of the a, b and c particle.  (e) HR-TEM of the interior of a Ge0.9Se0.1 particle. The white arrows 
point to Ge crystallites. (f) HR-TEM showing the crystallites embedded in the amorphous phase.  
With selected area electron diffraction (SAED), all crystal structures within entire 
Ge0.9Se0.1 particle pieces are identified and only Ge reflections were observed (Fig. S5.14†). For 
the initial charging of the Ge0.9Se0.1, we had anticipated the irreversible formation of Li2Se (a 
crystalline material) as had been reported in a recent study on germanium selenide materials.28 In 
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the absence of reflections identifying Li2Se, the reduced product of the Se component of Ge0.9Se0.1 
was determined to be contained in the amorphous phase, for with EDS mapping we observed that 
Se was homogeneously distributed within the Ge0.9Se0.1 particles (Fig. S5.15†). As Li2Se is the 
thermodynamically stable possibility for a combination of only Li and Se, we conclude that 
irreversible reduction of Se forms a more complex species, including Ge: a glassy Li-Se-Ge phase 
distributed throughout the network of active Ge inclusions (Ge crystallites in the discharged 
material, additional images provided in Fig. S5.16†).  
We hypothesize that this amorphous phase is a superionically  conductive Li-Ge-Se glass34 
studied in the past as a potential solid electrolyte. The rate of bulk-diffusion of lithium has been 
estimated by electrochemical impedance spectroscopy (EIS) with the low frequency data points 
fitted to a Warburg impedance element.35 These impedance data are consistent with a Li-diffusion 
coefficient in the cycled Ge0.9Se0.1 that is magnitudes of order higher than in undoped Ge (Fig. 
S5.17†). 
We are now pursuing a full study of the diffusion coefficient with comprehensive EIS and 
potentiostatic intermittent titration characterization (PITT) based on the method described by 
Drozhzhin et. al. 36 Because of the seemingly regular distribution of nanoscale Ge inclusions 
(shown more clearly in the HAADF-STEM images, Fig. 5.4c-d) and the Se-containing amorphous 
phase, we are still working to confidently identify the composition of the Se-containing inactive 
phase using EDS and electron energy loss spectroscopy (EELS). With in-situ XRD and Raman 
characterization of the Ge0.9Se0.1 electrode phase transitions during galvanostatic cycling, we 




We report that the inclusion of a sub-stoichiometric ratio of Se in Ge to form a Ge0.9Se0.1 
alloy enables stable and high efficiency galvanostatic cycling of the material in m-sized 
particles tested in a slurry cast electrode. 
With HR-TEM, HAADF-STEM and SAED we found that the Ge0.9Se0.1 forms a network 
of Ge inclusions amidst an amorphous Se-containing inactive phase during the course of cycling. 
We believe this inactive phase is responsible for alleviating strain and enhancing the rate of Li 
diffusion. While our previous thin film combinatorial study14 that surveyed various Ge1-xSex 
combinations identified the Ge0.9Se0.1 stoichiometry as optimal, we believe that those results may 
only indicate the general range of stoichiometries for which micro-scale particles of Ge1-xSex are 
stabilized against particle fracture: the stable cycling performance achieved here may manifest 
with an even lower Se dopant content for micro-scale particles. In contrast, electrodes made from 
similarly prepared undoped Ge m-sized particles of the same morphology exhibit rapid capacity 
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Materials and Methods 
Synthesis of Ge0.9Se0.1 and pure Ge. In a typical synthesis of Ge0.9Se0.1, 4.46 g Ge (Lesker, 
99.999% pure, 3-6 mm pieces) and 0.54 g Se (Lesker, 99.999% pure, 1-3 mm pieces) were 
set inside quartz ampoule (GM Associates, Inc., 8mm ID, 12 mm OD) previously cleaned 
(by rinsing with acetone and drying) and sealed at one end. The ampoule was evacuated 
to 10-6 torr and carefully sealed c. 12 cm from its end. The ampoule was then heated to 
1100°C at 5°C min-1 and held at 1100°C for 48 h inside a quartz tube continuously rotated 
in a tube furnace (Lindberg Blue M, single zone). The continuous rotation was achieved 
using a home-built rotational tube drive and gently rocked the ampoules, promoting the 
mixing of Ge and Se as suggested by the study done by Ross and Bourgon.1 The synthesis 
temperature of 1100°C was selected so as to form a single liquid phase of Ge0.9Se0.1. Rapid 
quenching was performed by dropping the ampoule into a room temperature water bath. 
Approximately 10 seconds or less elapsed between when the ampoule was directly in the 
furnace hot zone and when the ampoule was fully submerged under water. After allowing 
the ampoule to fully cool, the ampoule was scored and opened: a slight “pop” was heard 
upon opening which verified that the ampoule was properly sealed and held vacuum during 
the high temperature mixing synthesis. Note on safety: on one occasion, the ampoule may 
have been improperly sealed and when it was opened without allowing for  its contents to 
fully cool, the odor of rotted eggs was detected, indicating the presence of the very 
hazardous H2Se gas. The synthesis of the pure Ge was performed in a similar way, except 
that the ampoule contained only Ge pieces, the ampoule was scaled to a longer length to 
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accommodate 25 g of Ge and the hold time at 1100°C was limited to 12 h because there 
was no need to mix the ampoule contents. 
Production of microsized particles. The contents of the ampoules were carefully 
removed and then quickly crushed into roughly uniform pieces by pestle and mortar. This 
material was fed into a jet mill (Glen Mills, Jet-O-Mizer Model 00) operated at 100 psi 
feed pressure, 80 psi pusher pressure and with N2 as the feed and pusher gas. The rate of 
feed was c. 0.25-0.5 g min-1 and managed using a vibratory feeder fitted with a custom 3D 
printed part designed to regulate particle flow rate. Greater than 80 percent yield was 
obtained using a home-built collection apparatus. Because the particle size distribution of 
jet milled materials is a function of the material properties, the initial size distribution of 
the material and the feed rate, the material was processed twice. The first run processed 
feed material of comparatively wide particle size distribution made from coarse crushing 
with a pestle and mortar. The design of the jet mill only allows product particles of below 
a certain size to escape the milling chamber and for Ge-type materials this size is c. 10 
microns at the largest. Thus, for the second run of processing, the feed material was of a 
relatively narrow size distribution.  The total time for processing was about 20-40 minutes 
per run with about 20 minutes required to carefully retrieve the powder from the home-
built collection apparatus.  
The advantages of jet milling. Jet milling is a commercially used process already 
employed for production of lithium-ion battery (LIB) materials. Importantly, jet milling is 
a process which can be easily scaled from lab processing (several grams per hour) to 
commercial processing (many tons per hour). Jet milling has several advantages:5 one, it 
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allows for contamination-free product as the grinding is done by particle on particle 
collision. For this reason, high purity materials such as those used in the pharmaceutical, 
electronics and battery materials industries. Two, the particle size and size distribution can 
be controlled. In this study, we report on particles of an average size of about 2-3 microns 
and with SEM (Fig. S1†) we observed, as expected, a low content of fines, small particles 
which are common in ball milled materials. However, with expertise and custom-tuning 
of the mill (particularly the feed rate), the particle size can be lowered by up to an order 
of magnitude and the size distribution can be narrowed. For example, the Jet Pulverizer 
Company developed a jet mill process in 20096 to create high-purity lithium titanate oxide 
of less than 300 nm average size. Should we find in subsequent studies that solid state 
diffusion of lithium is the limiting factor in the Ge0.9Se0.1 particles tested in this study, 
then we might anticipate that the electrochemical performance of a 300 nm sized Ge0.9Se0.1
 
particle could be improved by more than a magnitude of order, retaining 80% capacity at 
10C or more rather than at 1C as demonstrated in Fig. 1. Note: Jet milling units such as 
the one used in this study can be rented on a month-to-month basis rather than purchased 
outright and are simple enough for undergraduate research assistants to set up and operate.  
Particle characterization. (Fig. S5.1-4) Tap density measurements on the Ge0.9Se0.1 
and the pure Ge powders (after the jet milling process described above) were performed 
using a Quantachrome AT–4 Autotap machine. Powder XRD measurements were 
performed using a Rikagu MiniFlex 600 (Fig. S2†). SEM characterization was performed 
using a Hitachi S5500 SEM/STEM at 30kV and 20 A on powders dispersed by bath 
sonication in ethanol and dropped onto lacey carbon TEM grids (SPI Supplies). EDS 
measurements were performed using the STEM mode on the Hitachi S5500. The particles 
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of Ge0.9Se0.1 and pure Ge were found to be uncontaminated by the quartz ampoule, the jet 
mill (316 stainless steel) and with negligible oxygen content (Fig. S4†). EDS spectra, line 
scans and mapping were performed on the Ge0.9Se0.1 particles to assess the degree of 
mixing of the Ge and Se. The EDS line scans for the Ge0.9Se0.1 particles are composed of 
thousands of discrete measurements of elemental composition. These data are plotted in a 
histogram (Fig. S3†) alongside a representative EDS mapping of several particles. A 
bimodal distribution was observed with the majority of the material characterized as the 
desired Ge0.9Se0.1 mixture and a minority of the material characterized as a GeSe-like 
material, slightly rich in Ge, Ge0.6Se0.4. Owing to the large dimension of the particles 
characterized, only several seconds of EDS signal collection were necessary to achieve a 
stable spectra, helping to minimize the error associated with this measurement technique.  
Electrochemical testing by galvanostatic cycling. (Fig. S5.5-6) A typical slurry was 
composed of 0.8 g active material (pure Ge or Ge0.9Se0.1 particles), 0.1 g Super P Li conductive 
additive (Timcal) and 0.1 g carboxymethyl cellulose (Sigma, 90 kDa, pre-dissolved in water) in 
water. Mixing was done in two stages: first using an IKA ULTRA-TURRAX tube drive 
homogenizer and second using a probe sonicator (QSonica microtip, pulses at 20 percent 
amplitude, 1 s on, 1 s off for 20 min) with the slurry container cooled by a water bath. The slurry 
at 100°C. Electrodes were punched with a 7/16 inch diameter and measured to 0.01 mg (Mettler 
Toledo). In an Ar-filled glovebox (MBRAUN, H2O and O2 less than 0.1 ppm), 2032 coin cells 
were constructed using Celgard 2400 membrane separators, 0.75 mm thick Li foil (Alfa) and 1M 
LiPF6 (BASF) in 1:1 (volume ratio) FEC (Solvay):DEC (Alfa, 99.9% anhydrous). Cells were 
allowed to rest for at least 6 hours prior to commencing room temperature (c. 25°C) galvanostatic 
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testing on an Arbin BT 2043 with a voltage window of 10 mV to 1.5 V. Each test began with an 
initial cycle at C/20 to condition the electrode. The pure Ge-based electrodes were tested using 
1,384 mAh g-1 as the theoretical capacity. The Ge0.9Se0.1 electrodes were tested using 1,205 mAh 
g-1 as the theoretical capacity because only Ge is active within the voltage range used. Plots of 
cycling performance as shown with capacity measured specific to the weight of the active material, 
either pure Ge or Ge0.9Se0.1. Eight electrodes of similar mass loading (0.54-0.70 mg cm
-2) were 
tested to indicate the performance of the pure Ge particles (Fig. S5.5c,f†). Fifteen electrodes of 
similar mass loading (0.54-0.67 mg cm-2) were tested to indicate the performance of the Ge0.9Se0.1 
particles (Fig. S5.5a-b,d-e†). Five of the 15 Ge0.9Se0.1 electrodes were cycled to show an additional 
100 cycles at 1C following the 80 cycle variable C-rate test and three of these five electrodes were 
cycled an additional 320 cycles for a total of 500 cycles of testing. All cell testing indicated good 
repeatability of the electrode performance. For the plot of galvanostatic cycling performance in 
the communication (Fig. 5.1), electrodes of about average performance were selected as 
representative of the other cell data and the pure Ge based electrode had a mass loading of 0.54 
mg cm-2 and the Ge0.9Se0.1 electrode had a mass loading of 0.58 mg cm
-2. First cycle voltage 
profiles for the pure Ge and the Ge0.9Se0.1 particles are shown in Fig. S5.6†. 
Scanning electron microscopy (SEM). (Fig. S5.7-10)  SEM was conducted to examine the 
change in condition of the electrodes made with either pure Ge or Ge0.9Se0.1 active material before 
and after cycling. In this study, the pristine (uncycled) electrodes were compared with cycled 
electrodes in the charged or discharged state following the 80 cycle variable C-rate test. The cycled 
electrodes were carefully removed from the 2032 coin cells by gently prying open one end of the 
2032 cell using a pair of plastic pliers (I-V Products). The electrodes were then rinsed in DEC 
(Alfa) to remove the LiPF6 before being dried. The electrodes were exposed to air for several 
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minutes before entry into the SEM. This is not believed to impact the morphology of the film. 
Note: a few solvents (acetic acid based, hydrochloric acid based) were employed in unsuccessful 
attempts to remove the SEI to expose the active material beneath without doing obvious damage 
to the film. Shown below are additional SEM and EDS of the pure Ge-based and the Ge0.9Se0.1-
based electrodes in the pristine state, +80 cycles in charged state and +80 cycles in discharged 
state. 
Transmission electron microscopy (TEM). (Fig. S5.11-16)  TEM on a JEOL 2010F was 
conducted to examine the change in condition of the particles within the electrodes made with 
either pure Ge or Ge0.9Se0.1 active material before and after cycling. In this study, the electrodes 
were examined in the discharged state following the 80 cycle variable C-rate test. The cycled 
electrodes were carefully removed from the 2032 coin cells by gently prying open one end of the 
2032 cell using a pair of plastic pliers (I-V Products) inside the Ar-filled glovebox. The electrodes 
were then rinsed in DEC (Alfa) to remove the LiPF6 before being dried inside the Ar-filled 
glovebox. A razor blade was used to cut a sliver of the electrode c. 1 cm long by 0.25 mm thick 
which was set into a silicone mould. While still inside the Ar-filled glovebox, resin (812, Electron 
Microscopy Supplies) was poured around the suspended sliver of electrode and the resin was 
allowed to harden at 90°C for 48 h. The resin-embedded electrode sliver was then sectioned by 
ultramicrotome. The thickness of the sections cut by diamond knife edge (DiATOME) was set to 
c. 50 nm and a lacey carbon grid (SPI Supplies) was used to catch the sections while floating on 
water. It is likely that the exposure of the outside of the section to water and air chemically 
contaminated the sample. To what extent is unknown. However, it is our belief that this is the most 
efficient and least contaminating method available to provide insight into the interior of the cycled 
electrode, particularly for this study which focuses upon the structural changes in the particles 
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which are unlikely to be noticeably altered by exposure to water or air. We further note that in a 
previous study, this method successfully allowed for viewing of dendrites2, indicating that the resin 
safely preserves the material which is not directly exposed to the air or water. Lastly, we found 
that the large, micro-sized particles studied here were observed to often crack, possibly due to the 
cut made by the diamond knife, something which we sometimes observed in the course of a 
previous study7.  
High angle annular dark field (HAADF) scanning transmission electron microscopy 
(STEM). (Fig. S5.11-16) A STEM beam of 1 nm was employed for HAADF-STEM images and 
EDS analysis of the sectioned electrodes. This technique is suited for providing more clear insight 
into the interior structure of the particles studied. By resolving signal as a function of thickness of 
sample (assumed constant due to the sectioning technique employed for sample preparation), 
density and atomic number (Z) of material (signal intensity scales as a function of about Z2, the 
carbonaceous polymer/SEI/conductive additive can be effectively masked. High contrast 
(bright/white signal) indicates regions of high density/high Z. Additionally, this technique enabled 
study of the phase segregation in the Ge0.9Se0.1 because of the high signal given from the crystalline 
(high density) nano-inclusions of Ge (high Z) surrounding the amorphous (lower density) Ge-Se-
Li containing phase. 
Electrochemical impedance spectroscopy (EIS). (Fig. S5.17)  EIS was performed on a ChI 
608D from 100 kHz to 0.01 Hz with 5 mV perturbation. The spectra were collected at a state of 
full discharge at open circuit potential on 2032 cells tested through the 80 cycle variable C-rate 
test. The low frequency data was analysed by fitting to a Warburg impedance element. The 
available electrochemically active surface area, a, was estimated by (i) assuming the electroactive 
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material remaining was indicated by the 1C capacity, (ii) assuming that the average particle size 
was 2 microns in diameter and (iii) assuming spherical particles. Alternatively, by assuming the 
electrochemically active surface area was the electrode geometric area, a similar difference in 
diffusion coefficient values would be obtained. The differential potential to differential change in 
x, the amount of Li in the LixGe phase, was obtained using the voltage profile of the 80
th cycle in 
the variable C-rate test. The slope of the voltage profile near full discharge is relatively constant. 
Given these assumptions, the difference in the diffusion coefficients was estimated and found to 
be orders of magnitude different, as might be indicated by the different slopes of the low frequency 
EIS data: c. 10-11 cm2 s-1 for the cycled Ge0.9Se0.1
  and c. 10-16 cm2 s-1 for the cycled pure Ge. 
 
 
Fig. S5.1.   (a) Pure Ge micro-sized particles produced from jet milling. (b) Ge0.9Se0.1 micro-sized 





Fig. S5.2.  Powder XRD of (a) Ge0.9Se0.1 micro-sized particles produced from jet milling and (b) 









Fig. S5.3.  (a) Typical EDS line scan of Ge0.9Se0.1 particles after jet milling showing EDS line path 
and the corresponding elemental ratio of Ge to Ge+Se recorded. (b) Histogram reflecting 
thousands of discrete EDS point measurements analysed as a ratio of Ge to Ge+Se. A bimodal 
distribution is observed, with the majority of the material reflecting the desired Ge0.9Se0.1 
composition and a minority reflecting a GeSe-like phase, slightly rich in Ge. (c) Typical EDS map 
confirming that the majority of the particles are in the desired Ge0.9Se0.1 mixture and that a minority 




Fig. S5.4.  Typical EDS spectrum characterizing many particles of (a) pure Ge and (b) Ge0.9Se0.1 
particles. Arrows are drawn to indicate the locations of the dominant x-ray transition energies for 
the desired elements, Ge or Ge and Se, as well as for potential contaminants. Contamination from 
the ampoule was not found as indicated by the absence of Si; contamination from the jet milling 
process was not found as indicated by the absence of Cr, Fe and Ni; and contamination from 





Fig. S5.5.  Voltage profiles and corresponding differential capacity profiles for the pure Ge and 
the Ge0.9Se0.1 based electrodes. Shown above are the conditioning cycle, 1
st cycle (at C/5 rate), 5th 
cycle (at C/5 rate), 30th cycle (at 1C rate), and 500th cycle (Ge0.9Se0.1 at 1C rate) or 85
th cycle (pure 
Ge at C/20 rate). For the conditioning cycle, there is a lower capacity and larger irreversible loss 
in the Ge0.9Se0.1-based electrode due to the irreversible reaction of Li with Se (shown in inset graph 
to the differential capacity profile) which is not seen subsequently. The reaction pathway for the 
Ge0.9Se0.1 appears nearly identical to that for the pure Ge, indicating that the Se reduces into an 
inactive phase. 
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Fig. S5.6.  Galvanostatic cycling performance of cells showing repeatability of data shown in 
Fig. 1 of the communication. Specific capacity vs cycle number for Ge0.9Se0.1 cells (15 total) 
shown in (a) and (b) and corresponding graphs  (d) and (e) of the capacity retention measured as 
a percent of the first cycle discharge (Li-extraction) capacity when testing was done at C/20. 
Specific capacity vs cycle number for the pure Ge cells (8 total) shown in (c) and corresponding 
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graph (f) of the capacity retention measured as a percent of the first cycle discharge (Li-
extraction) capacity when testing was done at C/20. Figure (g) shows the repeatability of the 
three Ge0.9Se0.1 cells tested until 500 cycles. (h) The coulombic inefficiency per hour (CIE/h) of 
cycle time for the Ge0.9Se0.1 electrode result shown in Fig. 1. The data is limited by the accuracy 
of the Arbin battery tester used which we estimate measures the coulombic efficiency to an 
accuracy of c. 0.1 percent. For a point of reference, the reader is referred to one of Dahn’s recent 
studies3 of commercial graphite-based batteries for which the CIE/h of cycle time is at least two 







Fig. S5.7.  SEM of pristine (uncycled) electrodes made using the pure Ge (a-d) or Ge0.9Se0.1 (e-h) 
as the active material. The electrodes appear indistinguishable with similar particle size and degree 
of mixing and spacing of the larger, micro-sized active material particles and the smaller, 





Fig. S5.8.  EDS mapping of pristine (uncycled) electrodes made using the pure Ge (a-f) or 
Ge0.9Se0.1 (g-l) as the active material. The electrodes appear indistinguishable with similar degree 
of mixing. Using Castaing’s formula, the analysis depth (for Ge or Ge0.1Se0.1) is estimated to be 





Fig. S5.9.  SEM and EDS mapping of cycled electrodes (+80 cycles, after the variable C-rate test, 
discharged state) with the pure Ge (SEM: a-b, EDS: e-j) or Ge0.9Se0.1 (SEM: c-d, EDS:k-p) as the 
active material. The EDS mapping for the cycled (discharged) pure Ge based electrode (e-j) shows 
a region which shows the border of delaminated film, clearly indicated by the EDS signal for the 
Ge (active material) and the Cu (substrate). The cycled film is covered in SEI and also in dendritic 
growths, these characterized by their structure (similar to what has been reported previously2) and 
high content of O which would be present in the decomposition species formed on the highly 
215 
  
reactive lithium metal surfaces. The EDS mapping for the cycled (discharged) Ge0.9Se0.1 based 
electrode (k-p) focuses upon one of the few dendritic growths observed on this film and is similarly 
identified by a particularly high O signal. As expected, the major dendritic growths are typically 
found on top of active material, indicating a local “hot zone” where the flux of lithium exceeds the 













Fig. S5.10.  SEM and EDS mapping of cycled electrodes (+80 cycles, after the variable C-rate test, 
charged state) with the pure Ge (SEM: a-c, EDS: g-l) or Ge0.9Se0.1 (SEM: d-f, EDS:m-r) as the 
active material. The cycled pure Ge based electrodes show significant film delamination and 
significantly more dendritic growths (growing out of the pure Ge particles). The EDS mapping for 
the cycled (charged) pure Ge based electrode (g-l) shows a region with some Ge particles covered 
in dendritic growths and some comparatively clean of dendritic growths. The EDS mapping for 
the cycled (charged) Ge0.9Se0.1 based electrode (m-r) shows that there are more dendritic growths 






Fig. S5.11.  Ex-situ TEM of ultramicrotome sectioned cycled (discharged) pure Ge-based electrode 
after the 80 cycle variable C-rate test. (a) TEM of Ge particle and (b) corresponding selected area 
electron diffraction pattern (SAED). The prominent reflections form rings corresponding to the 
dominant (111) and (022) planes of Ge. The small area shown in the HR-TEM image (c) cannot 
be observed exclusively by SAED given restrictions on the aperture size but from FFT (d) it is 




Fig. S5.12a.  HAADF-STEM of a Ge particle from the pure Ge-based electrode in its discharged 
state after 80 cycles of variable C-rate testing. Note that the edges of the particle appear torn and 
fractured. There are several locations on the edge (perimeter) of the particle which appear to be 





Fig. S5.12b.  HAADF-STEM of a Ge particle from the pure Ge-based electrode in its discharged 
state after 80 cycles of variable C-rate testing. Note that the edges of the particle appear torn and 
fractured. There are several locations on the edge (perimeter) of the particle which appear to be 






Fig. S5.12h.  EDS mapping of a Ge particle from the pure Ge-based electrode in its discharged 
state after 80 cycles of variable C-rate testing. The mapping was done to further verify the identity 
of the particle being characterized by HR-TEM and/or HAADF-STEM. The electron image from 
the mapping is shown at left and the Ge K1 mapping is shown at right. Because the EDS detector 





Fig. S5.13.  FFT analysis of HR-TEM image of interior of Ge0.9Se0.1 particle in discharged state 
after 80 cycle variable C-rate test. The FFT resolution is sufficient to identify only several out of 
all the visible crystallite regions in the image. The cycled material appears to be a network of nano-





Fig. S5.14.  SAED analysis of HR-TEM image of Ge0.9Se0.1 particles in discharged state after 80 
cycle variable C-rate test. Only reflections (rings, indicating polycrystalline material) for Ge planes 
are observed in the SAED. Surprisingly, no other reflections are visible, indicating that the Se in 






Fig. S5.15.  EDS mapping of a Ge0.9Se0.1 particle from the Ge0.9Se0.1-based electrode in its 
discharged state after 80 cycles of variable C-rate testing. The mapping was done to further verify 
the identity of the particle being characterized by HR-TEM and/or HAADF-STEM. The electron 
image from the mapping is shown at left and the Ge K1 and Se K1 mapping is shown at right. 
Because the EDS detector does not have a drift corrector, similar mappings could not be performed 
at higher-magnifications. However, the mapping and EDS spectra are sufficient to show that there 
is Se present in the particle. Useful quantitative analysis was precluded by the condition of the 





Fig. S5.16.  HR-TEM of a Ge0.9Se0.1 particle from the Ge0.9Se0.1-based electrode in its discharged 
state after 80 cycles of variable C-rate testing. Note that the edges of the particle appear to be 
relatively intact and have comparatively smooth edges, suggesting that the particles did not 
fracture. In (a) there may be evidence to suggest that the particles cleanly break, but because this 
seems to occur along parallel lines we believe this may be an artefact of the ultramicrotome 
sectioning technique. Within the particle, there are no pores or cavities and at progressively higher 
magnifications the network of nano-crystallite inclusions of Ge around small veins of an 





Fig. S5.17.  EIS performed from 100 kHz to 0.01 Hz at open circuit potential on the pure Ge-based 
and the Ge0.9Se0.1-based electrodes at a state of full discharge following the 80 cycle variable C-




Fig. S5.18.  Ex-situ XRD (Rikagu Microflex 600) of pristine and cycled pure Ge based or Ge0.9Se0.1 
based electrodes in the charged and discharged state after the 80-cycle variable C-rate test. Due to 
the nature of the experiment, two nominally identical electrodes (with very similar galvanostatic 
cycling performance) were used, one for the pattern of the charged electrode and one for the pattern 
of the discharged electrode. Interestingly, for the cycled pure Ge based electrode, a Ge pattern is 
observed for both the charged and discharged electrode. Although it is possible that the discharged 
electrode reverts into polycrystalline domains large enough to be identifiable by XRD, we believe 
that this pattern from the discharged state is more likely attributable to electrochemically 
disconnected, discharged pure Ge active material. With higher degree of confidence, we attribute 
the Ge pattern observed in the charged pure Ge based electrode to this phenomenon. In contrast, 
there is no Ge pattern observed in the charged or discharged Ge0.9Se0.1 based electrodes. This 
indicates that the nanocrystallites of Ge characterized in the discharged electrode by HR-TEM, 
SAED and FFT are possibly too small or not strongly crystalline enough to form a clear XRD 
pattern. This odd behaviour has been observed previously in a similar study4 which employed D-
227 
  
STEM, a powerful electron microscopy technique which enables the collection of an electron 
diffraction pattern from a point on the sample only 2 nm in diameter.  
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Chapter 6: Conclusion 
OVERVIEW OF COMPLETED WORK 
The completed work presented in this dissertation has achieved the following: 
1. [Chapters 2-5] Demonstrated the efficacy of fluoroethylene carbonate (FEC) solvent in 
improving through a stable solid electrolyte interphase (SEI) by the cycling performance 
of four anodes. For Ge particles of nano to micron size, SnO2 micron sized particles, 
mesoporous Co3O4 micron sized particles and micron sized Ge0.9Se0.1 particles, stable 
cycling for hundreds to thousands of cycles was demonstrated. 
2. [Chapter 2] TEM imaging of ultramicrotomed cross sections of resin embedded, cycled 
electrodes  revealed that FEC inhibited dendritic lithium growth on Ge particles. 
3. [Chapter 5] The e-beam evaporation grown thin film Ge0.9Se0.1 anode anode was made into 
a high tap density particle anode. 
4. [Chapter 5]  Determined from cycling data supported by HAADF-STEM  how a small 
atomic fraction of inactive Se in a micron sized Ge particle prevents fracture of the particle. 
 
ONGOING AND FUTURE WORK 
There exist four ongoing projects that can be discussed at this time to varying degrees of specificity 
and one proposed project to be conducted in collaboration with Sandia National Laboratories.  
 
1. EFFECT OF CURRENT DENSITY ON THE ELECTRODEPOSITION OF LITHIUM 
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Lithium metal as an anode material in lithium ion batteries provides for high density charge 
storage (3860 mA h g-1) at low voltages. For this reason, the lithium metal anode is critical to the 
design of Li-S or Li-air concept battery chemistries proposed for use in powering long-range 
electric vehicles.  
However, the lithium metal anode cannot be safely or efficiently operated. During charge, 
Li+ ions electrodeposit as adatoms unevenly, forming dendritic structures that can unpredictably 
cause internal short circuiting and sometimes thermal runaway. The high specific surface area 
lithium growths also prevent long-term cycling because the battery electrolyte species irreversibly 
reduce upon the exposed surfaces of the very electropositive lithium metal, depleting the battery’s 
supply of both electrolyte species and lithium. 
Parameters affecting dendrite growth include the chemistry of the electrolyte and the 
operating conditions which determine the nucleation density, electrode polarization (depletion of 
Li ions from the electrolyte at high current density) and surface energy of the growing nuclei. 
Strategies developed for reducing and controlling the formation of dendritic growths include: use 
of high modulus barriers3,4,5,6, designing the electrolyte to increase the Li+ transference number7,8, 
modification of the lithium metal/solid electrolyte interphase/electrolyte interface9,10,11 to increase 
or regulate12 the rate of cathodic charge transfer and adopting to the Li-ion system classic 
electroplating deposition techniques such as pulsed charging.  
An assumption implicit in some of these strategies for mitigating dendrite growth is that 
the high degree of electrode polarization resultant from application of high current density 
necessarily results in enhanced growth rate of dendrites. Here we apply nucleation theory13,14 to 
show that by promoting nucleation, high current densities can reduce dendritic growth.15,16,17 We 
also show in coin cell testing that by brief application of high current density prior to DC charging 
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at current densities relevant for future Li/S and Li/air concept batteries, the electrode surface can 
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2. THE MECHANISM OF LITHIUM DENDRITE GROWTH IN 1M LIPF6 IN EC:DEC 
The mechanism of lithium dendrite growth in the electrolyte composed of LiPF6 dissolved 
to 1M in ethylene carbonate and diethyl carbonate has not yet been identified. There currently exist 
conflicting reports of growth from dendritic tips, from kinks or defects or from the base of the 
dendritic structure. Here we identify the growth mechanism for the lithium dendrite by resolving 
in high spatial resolution with ToF-SIMS the distribution of 6Li electrodeposited upon a pre-
existing natLi dendritic growth. These results are complemented by in-situ optical observation of 
lithium dendritic growth. To the best of our knowledge, these are the first in-situ optical 
observations conducted using reconstructed 3D imaging technology. 
 
3. THE PHYSICAL BASIS FOR THE ELECTROCHEMICAL VOLTAGE SPIKE OBSERVED 
DURING TESTING OF LI-ION CELLS 
The occurrence of a transient, high resistance event during the charge or discharge of a 
lithium-ion battery cell has not yet been correlated with a physical event. Here, using in-situ optical 
microscopy, we identify the basis for this voltage spike and suggest a chemical additive to suppress 
the frequency of voltage spikes during electrochemical testing.  
 
4. THREE DIMENSIONAL CURRENT COLLECTORS FOR HIGH ENERGY DENSITY LI-
ION BATTERY ELECTRODES 
The typical thickness of the commercial Li-ion battery electrode film is limited so as to 
avoid film delamination and increases in ohmic resistance.1,2 For thick electrodes, the larger 
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overpotentials required for lithium (de)insertion are attributable to a combination of longer ionic 
diffusion paths3 and resistance for electronic transport through long-chain, percolating conductive 
additive networks originating at the current collector surface.4 These factors require restricting the 
capacity stored per unit area of electrode to 2-4 mA h cm-2, provided by an active material loading 
of c. 10 mg cm-2 for anodes and c. 25 mg cm-2 for cathodes.5,6  
For electrodes – especially anodes – tested in academic research labs, the typical loading 
of active materials is small and resulting in an areal capacity and energy density that is a small 
fraction of what is available from commercial batteries.7  
To allow for more clear identification of the potential comparative advantages of advanced 
Li-ion battery materials being studied – e.g., improvements in capacity, capacity retention at high 
charge/discharge rates or over long-lifetime tests, coulombic efficiency – the electrodes tested 
should be loaded to an extent that provides for an areal capacity equal to or exceeding a commercial 
standard.7 Otherwise, the degree to which the measured performance for a low-loaded electrode 
indicates potential performance in a scaled-up film cannot be predicted. One reason for this is that 
there remains debate about the extent to which the active particle population during lithium 
(de)insertion is attributable to limitations arising from ionic, electronic or solid state lithium 
transport. 1,3,8,9,10  
For some electrodes, particularly those composed of low tap-density active material 
particles, it may not be possible to form a securely adhered film at a thickness great enough to 
provide for areal capacities equal to commercial electrodes. For all electrodes, increases in film 
thickness due to higher mass loading of particles results in higher resistance from some 
combination of limitations in electronic and ionic transport, particularly for anodes when solid 
electrolyte interphase (SEI) coverage grows between particles across the film surface.11 
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Accordingly, for the traditional electrode film cast upon a metal foil substrate, there exist i) a limit 
to energy density due to both film thickness restrictions as well as the space/weight required for 
the foil current collector and ii) a trade-off for which increases in energy density are offset by 
disproportionate decreases in power density.  
To enable testing of higher mass loading electrodes and attempt to de-couple this inverted 
and non-linear relationship between energy and power density, alternative substrate designs and 
materials have been studied: metal foams,12,13,14 carbon fabrics15 and meshes of graphene-like or 
carbon nanotube materials,16 porous carbons,17 templated micro-structured substrates,18,19 and 
nano-structured arrays devised by micro-machining and other methods.20,21  
Here we demonstrate with commercially produced LiFePO4 a high energy density 
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Existing Mg++ ion chemistries for high voltage - greater than 3V - batteries require 
electrolytes that are incompatible with most metal oxide cathode materials because of slow 
insertion kinetics and/or side reactions with solution species. Therefore, it is strongly desirable to 
select simpler electrolytes (using solvents such as PC and AN and salts such as Mg(TFSI)2 and 
Mg(ClO4)2) that are simultaneously a) compatible with high voltage cathodes, b) composed of 
solvents with wider windows of electrochemical stability and c) use salts that are simpler, more 
stable and permit faster desolvation, i.e., charge/discharge rates. As the adoption of these simpler 
electrolytes does not permit the use of Mg metal as the battery anode due to decomposition 
reactions on the Mg metal surface which form of a Mg++ blocking surface film, an alternative 
charge storage material would be required. Ideally, this material would be analogous to the graphite 
used in commercial Li+ ion batteries, allowing for fast charge/discharge via the mechanism of ion 
intercalation. Heretofore, no such material has been identified and only slow charge/discharge Mg-
alloying type anode materials requiring solid-state Mg diffusion (Sn, Bi) have been studied.  
Mg++ intercalation is different in kind than that of Li+ in graphite, because solvent species 
accompany the Mg++. Accordingly, the dimension and charge of the partially solvated Mg++ is 
dependent upon the chemistry of the electrolyte. The Mg++ charge storage material must therefore 
be designed with a tunable and narrowly defined porosity to simultaneously accommodate Mg++ 
charge storage and maximize energy density. Control of these critical material properties can be 
achieved for an electrochemically stable nanoporous carbon (NPC) material formed by pulsed 
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